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SBKl -CONDUCTOR  DIPOLE:  POSSIBLE  RADIATING 


BLEMKNT  FOR  MICROWAVE/MILLIMETER  WAVE 
MONOLITHIC  INTEGRATED  CIRCUITS  (MIMIC) 


Parbhu  D.  Patel 
Bell  Aerospace  Textron 
P.  0.  Box  1 
Buffalo,  NY  14240 

ABSTRACT : 

A  wideband,  semi-conductor  compatible  dipole, 
derived  from  the  conventional  metallic  half  wavelength 
dipole  is  described.  This;  dipole  is  resistively  load¬ 
ed  along  its  length,  producing  a  travelling  wave 
current  distribution  that  is  insensitive  to  frequency 
variations.  The  resistive  loading,  however,  produces 
a  reduction  in  efficiency  but  an  increase  in 
bandwidth.  Graphs  are  presented  which  relate  the 
resistive  loading,  with  efficiency  and  bandwidth  for  a 
given  length  to  diameter  ratio  of  the  dipole.  These 
graphs  could  be  useful  as  design  curves  in  the 
tradeoff  between  bandwidth  and  efficiency. 
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The  resistive  loading  for  a  conventional  dipole 
can  be  achieved  by  varying  the  thickness  of  the 
resistive  material  coating  along  the  length  of  the 
dipole.  For  a  semi-conductor,  however,  the 
resistivity  can  be  varied  by  changing  the  doping 
concentration  (Nq)  of  the  impurities.  Hence,  a 
wideband  resistiveiy  loaded  dipole  can  now  be  realized 
on  a  semi-conductor  substrate. 
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INTRODUCTION : 


Considerable  effort  is  directed  towards  the 
i  realization  of  microwave/millimeter  wave  monolithic 

integrated  circuits.  Indeed,  many  of  the  sub-compon¬ 
ents  of  the  transmit/receive  module  have  been  realiz¬ 
ed,  at  least  in  the  hybrid  form,  and  the  research  is 
now  directed  towards  a  fully  integrated  monolithic 
circuit.  Even  when  a  fully  integrated  transmit/ 
receive  module  is  available,  there  remains  the  quest¬ 
ion  of  coupling  of  the  power,  to  and  from  free  space. 

Microstrip  radiating  elements  or  some  derivatives 
of  the  microstrip^ 1 ' 3 ^  element  offer  partial 
solution,  in  the  sense  that  they  can  be  incorporated 
with  the  monolithic  integrated  circuit  T/R  modules. 
These  types  of  radiating  elements  are  very  attractive 
due  to  their  low  weight,  ease  of  manufacture  and  low 
profile.  However,  the  major  disadvantage  of  this  type 
of  radiator  is  the  inherently  narrow  bandwidth  (—  few 
percent). 

What  is  required  with  MIMIC  modules  is  a  type  of 
•  radiator  which  can  produce  a  bandwidth,  in  excess  of 

25%.  The  radiating  element  should  be  GaAs  or  other 
semi-conductor  compatible,  so  that  it  can  be  simultan¬ 
eously  fabricated  with  the  sub-components  of  the  T/R 
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module.  Furthermore,  it  should  provide  a  low  profile, 
with  ease  of  coupling  of  power  to  the  MIMICs  as  well 
as  making  the  MIMIC  module  easy  to  protect.  Such  a 
radiating  e3ement  is  the  semi-conductor  dipole,  which 
is  essentially  derived  from  a  half  wavelength 
cylindrical  dipole. 

2.  GENERAL  THEORY: 

It  is  well  known  that  a  conventional  cylindrical 
dipole  antenna  essentially  supports  a  standing  wave 
distribution  of  current.  Sucn  an  antenna  is  highly 
frequency  sensitive  because  its  antenna  characterist¬ 
ics  such  as  current  distribution,  antenna  admittance 
and  radiation  patterns  are  strong  functions  of 
f  requency . 

A  travelling  wave  antenna  on  the  other  hand, 
supports  a  distribution  of  current  which  is 
essentially  an  outward  travelling  wave.  Only  an 
infinitely  long  wire  antenna  will  support  such  a 
current  distribution,  since  there  will  not  be  reflect¬ 
ions  from  the  ends  to  produce  standing  waves.  Such  an 
antenna  is  physically  unrealizable.  The  practical 
solution  to  the  problem  requires  that  the  current  on 
the  dipole  decreases  with  distance,  away  from  the 


input  terminals.  After  a  certain  point  along  the  antenna 
the  current  is  reduced  to  a  negligible  value  and 
therefore  the  dipole  may  be  truncated,  without  seriously 
affecting  the  properties  of  the  antenna.  The  first 
notable  contribution  on  travelling  wave  dipole  is  due  to 
Altshuler^  who  inserted  lumped  resistors  at  a 
quarter  of  a  wavelength  from  the  ends  of  the  antenna. 

This  cannot  be  really  considered  as  a  travelling  wave 
antenna  with  broadband  characteristics  since  the  value 
and  the  location  of  the  loading  resistor  are  functions 

/>^  ^  *  ArturtM  m  f  my,  />  1  ^  a  1  /%r»  /'  ♦*  V»  i  **na /*»Vi  i  O 

W*.  4.  W4-  WU*-  “t'r4  iw 

to  resistively  load  the  dipole  continuously,  along  its 
length.  Two  cases  must  be  considered: 

(i)  Uniform  (constant)  impedance  loading 
(ii)  Variable  inpedance  loading. 

By  resistively  loading  the  dipole  along  its  length,  its 
efficiency  is  necessarily  reduced  but  its  bandwidth  is 
enhanced.  Our  objective  here  is  to  relate  the 
efficiency  and  bandwidth  with  the  resistive  loading. 


3. 


FORMULATION : 


The  theoretical  formulation  of  a  resistively  loaded 
dipole  are  given  by  King  and  Wu^ ^  for  the  constant 
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16] 


for 


internal  impedance  case,  and  by  Wu  and  King 
the  variable  internal  inpedance  case  and  therefore  only 
an  outline  will  be  given. 

The  antenna  to  be  analyzed  is  a  hollow  cylinder 
of  length  '2h’and  radius  'a'  aligned  along  the  Z-axis 
and  centered  at  the  origin,  as  shown  in  Figure  1.  It 
has  an  internal  impedance  of  zMz)  due  to  continuous 
impedance  loading  and  carries  an  axial  current 
I2(Z),  which  is  assumed  uniform  around  the  periphery 
of  the  cylinder  since  the  radi  s  'a*  is  much  less  than 
the  wavelength  When  the  antenna  is  driven  by  a 
delta  function  voltage  V0e  at  Z«0,  the  axial 
component  of  the  vector  potential  A2S(Z),  on  the 
surface  of  the  antenna  satisfies  the  one-dimensional 
wave  equation 

•> 

2  •>  -3*  “ 

(^-5--**  )  A®(Z)«  —2-  |ZX€Z)  I(Z)-V*  6  (  Z  )  ]  (1) 

y  fc  V  4M  W  O 

z 

where  Z1 ( Z ) *r 1 ( Z ) + jX1 ( Z )  is  the  internal  impedance  per 
unit  length 

kQ  «  is  the  free  space  propagation  constant, 

< 

and  e2Wt  time  dependence  is  assumed. 


©re  vector  potential  on  the  surface  of  the 
antenna  is  given  by  the  potential  integral 

_  u  h 

A  JZ)-~  /  !.(*')  K(Z,Z')  dZ'  (2) 

2  -h  2 

-jk  r 

where  K(2,Z')  *  - — ~- 

and  r  *  l(Z-Z')^  +  a2jl/2  and  n  «  4ir  x  10  ^  H/m. 

o 

Equation  (2)  assumes  that  the  antenna  is  thin;  i.e., 
Kca  <<  1. 

If  the  thickness  of  the  resistive  coating  for  the 
tubular  dipole  is  less  than  the  skin  depth  d  <  ds, 
then  Z *(Z),  the  internal  impedance  per  unit  length 
becomes 

Zi(Z)  -  rA(Z)  -  *  g  d  (3) 

where  a  «  conductivity  of  the  resistive  coating 
a  «  radius  of  the  dipole 
d  ■  thickness  of  the  resistive  coating 
Equations  (1)  and  (2)  are  now  solved  simultaneously  to 
determine  I2(z)  for  a  given  resistive  loading 
distribution  of  ZMZ). 


7 


Once  the  current  distribution  Iz(Z)  is  known, 
other  antenna  characteristics  such  as  the  radiation 
pattern,  the  input  admittance  and  the  radiation 
efficiency  can  be  computed.  The  input  admittance  Y 
and  the  radiation  efficiency  rj  are  related  to  Iz 
through 

1(0) 

Y  =  (4) 

V  e 
o 

and  for  a  uniformly  loaded  antenna,  the  radiation 
efficiency 

-  = _ Power  radiated 

Power  radiated  +  Power  dissipated 


i  h 

■  1 - , -  /  |  I  (Z)  j2.  dz 

Rell  lz(0)  |VY]  2 


(5) 


f 


Two  specific  cases  of  uniform  and  tapered  (travelling 
wave  case)  loading  are  now  considered  in  detail. 
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3.1  Dnlform  Impedance  Loading! 

.  r  5  1 

In  the  case  of  uniform  resistive  loading1  J  along 
the  length  of  the  antenna#  the  conductivity  and  hence 
the  impedance  per  unit  length  zMz)  will  be  constant. 

The  solution  of  coupled  eqn  (1)  and  (2)  is  then  given  by: 


j2rrk  V* 

x  (Z)e  - — - [sin  k(h-|  Z  j) 

I  K $ ,  cos  kh 
O  dR 

(6) 


+  Tu(cos  kZ-Cos  kh)  +  Td  (cos  ■j  kQZ-cos  ^  kQh)  ] 


and 


j2irk. 


i  K Ip  cos  kh 

O  dR 


[sin  kh  +  Tud-cce  kh) 


(7) 


+  Tn  (1-cos  ~  k  h) 

D  Z  O 


where  Tu  and  Tp  are  coefficients  defined  in  King  and  Wu^5j 
£0*  120tt 

The  complex  wave  number  k  is  defined  by 


'-D« 


[1  - 


i4irz 

ClT 


1/2 


dR 


and 


(0) 

(h-A/4) 


kQh  £  n/2 
kQh  >  r/2 


(8) 

(9) 
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and  ^dR(  Z )  =  esc  [k(h~|  Z  |)  ]  /  sin  k(h-  jz  '|  ) . 

-h 


Cos  k  r  Cos  k  r 
l - r-5 - — }  dz’ 


u 


where  r 


=  [ ( Z-Z ’ )2  +  a2] 


1/2 


=  l  (h-Z' )2  +  a2] 


1/2 


(10) 

(11) 

(12) 


fdR 


and  k  are  related  to  each  other  in  a 


complicated  manner  through  equations  (8)  -  (10)  and  an 
iterative  scheme  is  used  to  compute  these  parameters. 

3.2  Variable  Impedance  Loading; 


When  the  impedance  ZMZ)  along  the  length  of 
the  dipole  is  tapered  we  have  the  practical  case  of  a 
travelling  wave  array.  In  general,  solution  for 
equation  (1)  and  (2)  for  an  arbitrary  ZMZ)  can  be 
obtained  numerically.  However,  the  practically 
important  case  of  a  travelling  wave  has  been  solved 
analytically  by  Wu  and  King  ^6]  who  show  that  if 


i 

Z  (z)  =  (7T- "|  ~Z  ]) 


(13) 
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then  the  solution  of  equation  (1)  and  (2)  is 


w 


Vz)*  tjpi i  -°j7Jc"j£T  [1  “  exp(  jkJ 2 \] 

h 


,  *“ jk  r 

where  V'  *  2  /  (1-  u— )  exp(-jk  Z')  exp( — -—— )  dZ 
0  n  °  ro 


and  r  ■  (Z ' 2  +  a2 ) 
o 


(14) 

(15) 


(16) 


Again,  the  other  antenna  characteristics  can  now  be 
computed  from  the  current  distribution. 

4.0  Semiconductor  Dipole 

The  previous  section  has  considered  ways  of  making 
a  basic  dipole  element  into  a  wideband  radiator  by  means 
of  resistive  loading.  This  section  will  deal  with  how 
the  resistively  loaded  dipole  (either  variable  or  con- 
stant)  can  be  implemented  in  the  GaAs  technology. 

We  have  defined  the  hollow  tube  to  be  of  thickness 
’d".  If  d  <<  ds,  where  ds  is  the  skin  depth,  then  the 
internal  impedance  per  unit  length  Z*(Z)  is  well 
approximated  by 

zi{z)  ‘  TVaarz“V:<3  <17) 
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where  w(Z)  =  conductivity  along  the  length  of  the 
dipole 

d  =  thickness  of  the  resistive  loading  along 
the  dipole  (d  <<  ds) 

From  Semi-Conductor  Physics  Theory,  for  an  n-type  semi¬ 
conductor  dipole  having  a  concentration  of  ionized 
donors  ND  and  an  electron  mobility  Mn»  the 
conductivity  is  given  by 


o  =  q  •  pn  •  nD 


(18) 


where  q  is  the  electron  charge.  Substituting  (18) 
into  (17)  gives  the  internal  impedance  per  unit 
length  along  a  hollow  tube,  covered  with  n-type  of 
semi-conductor  dipole  of  thickness  d,  as 


Z1  (Z  ) 


1 

/Prr7a~q.M  .  N_.d 
n  D 


(19) 


The  hollow  n-type  semi-conductor  dipole  can  now  be 
related  to  a  planar  dipole  through  the  equivalent 
radii  concept.  This  technique  relates  the  cross- 
section  of  a  non-circular  wire  to  a  circular  wire  of 
equivalent  radii,  by  equating  their  electrostatic 
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capacitances.  For  example,  a  rectangular  conducting 
strip  of  cross-sectional  dimension  'w'  and  't',  as 
shown  in  Figure  2,  can  be  analyzed  in  terms  of  a 
circular  cylinder  of  radius  a,  where  a  *  1/4  (w  + 
t).  Thus  the  resistively  loaded  cylindrical  antenna 
can  now  be  used  to  analyze  the  planar  semi-conductor 
dipole,  with  enhanced  bandwidth. 


5 .  Bandwidth  Considerations 

The  bandwidth ^ 9 ^  of  the  dipole  is  computed 
from  its  impedance  considerations  and  is  defined 
here  as  the  half-power  width  of  the  equivalent 
circuit  impedance  response.  For  a  series  type 
resonance,  the  bandwidth  (BW)  is 


BW  = 


2R 


w 


dX 


X 

«-»  UT  t 


(20) 


where  Z  »  R  -»  jX  is  the  input  impedance  at  the 
resonant  frequency  wQ.  This  definition  of  band¬ 
width  implies  a  standing  wave  ratio  of  about  2.4  for 
a  transmission  line  of  characteristic  impedance  R 
ohms.  The  derivative  in  (20)  can  be  evaluated  by 
calculating  the  input  impedance  at  two  frequencies 
near  resonance  and  using  a  finite  difference 
approximation. 
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6. 


Computations  of  Efficiency  and  Bandwidth 
Computer  programs  were  written  to  theoretically 
evaluate  the  current  distribution  and  the  input 
admittance  for  both  the  uniform  resistive  loading  as 
well  as  the  variable  resistive  loading  case.  The 
results  are  summarized  below. 

6 . 1  Variable  Impedance  Case: 

A  X/2  long  dipole  at  1  GHz  with  h/a  =  59 
(0=9.54)  with  a  variable  impedance  loading  as  described 
by  equation  (13)  producing  a  current  distribution  des¬ 
cribed  by  equation  (14),  produced  a  radiation 
ef f iciency^ 1 0 ^  of  -9%.  Clearly,  the  low  radiation 
efficiency  is  unacceptable  for  a  possible  radiating 
element  in  a  phased  array  and  hence  this  type  of 
loading  is  not  considered  further.  Interesting 
applications  of  this  type  of  loading  however,  are  given 
elsewhere^ 1 1 ^ . 

6 . 2  Uniform  Impedance  Loading: 

A  computer  program  was  also  generated  to 
compute  the  current  distribution  for  a  given  uniform 
impedance  loading  along  the  length  of  the  dipole.  The 
radiation  efficiency  was  then  computed  as  a  function  of 
loading  (tfi  =  2ArVn0).  Figure  3  shows  a  graph 
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of  efficiency  versus  resistive  loading  (*5^)  for  a 
varying  dipole  h/a  ratio.  The  graph  shows  that  there 
is  a  very  small  variation  in  the  efficiency  as  a 
function  of  resistive  loading. 

The  input  impedance  (R+jx)  was  also  computed  as 
a  function  of  the  resistive  loading  (izf^)  for  a 
given  dipole  h/a  ratio.  Figure  4  shows  a  graph  of 
the  input  impedance  (resistance  and  reactance)  as  a 
function  of  resistive  loading  for  an  h/a  =  35.6 
(fi=2  In  (2  h/a)  =  8.53)  at  42.09  GHz.  The  variation  of 
the  input  impedance  over  a  i10%  bandwidth  is  also 
plotted  in  Figure  4.  These  curves  are  used  to 
determine  the  bandwidth  of  the  dipoles  as  given  in 
Section  5. 

Figure  5  and  Figure  6  show  similar  plots  but  with 


/O  —  It 

I  I  •  3  ) 


t  rs  —  i  m 
\M  —  It, 


m  \ 

u  /  ; 


respectively . 

The  bandwidth  of  the  resistively  loaded  dipoles  is 
computed  from  the  input  impedance  plots  and  is  shown  in 
Figure  7.  The  bandwidth  is  qiven  for  a  different  h/a 
ratio  of  the  dipole.  The  results  are  consistent  with 
the  classical  antenna  theory  of  achieving  wider 
bandwidth  from  a  thicker  dipole. 
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r .  Discussions  of  the  Results; 

Figure  3  and  Figure  7  form  the  basis  of  our  design 
curves.  Given  that  a  certain  radiation  efficiency  is 
required,  one  could  calculate  the  required  resistive 
loading  from  Figure  3.  Figure  7  can  then  be  used  to 
calculate  the  approximate  bandwidth  for  a  given  h/a 
ratio  of  the  dipole,  or  vice  versa. 

For  practical  MIMIC  applications,  the  resistive 
loading  must  then  be  translated  into  the  concentration 
of  ionized  donors  (Nq)  through  Equation  (19).  As  an 
example,  consider  a  tabular  dipole  of  outer  radius  of 
25  p m  with  a  thickness  of  2  pm  to  be  realized  in  a 
n  -  GaAs^12^  substrate.  If  we  assume 
Nd  -  1018  cm"3,  with  nn  -  3.5  x  103 
cm2/volt-sec ,  then  at  42.09  GHz,  we  have  -  2.1, 
which  corresponds  to  -44%  radiation  efficiency  and  the 
bandwidth  in  excess  of  52%  for  each  of  the  dipoles  with 
different  h/a  ratio  considered.  Other  combinations  are 
obviously  possible. 
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8.  Conclusion: 


We  have  presented  some  results  of  a  parametric 
study  of  a  semi-conductor  dipole,  which  could  be  a 
possible  candidate  as  a  radiating  element  ir.  the  design 
of  MIMICs.  The  semi-conductor  dipole  offers  wider 
bandwidth  but  at  a  reduced  efficiency.  This  study  has 
established  the  relationship  between  the  resistive 
loading  (doping  concentration),  the  efficiency  and  the 
bandwidth. 
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Figure  1 .  Hollow  Cylindrical  Dipole 


Figure  2.  Monolithic  Semi-Conductor  Dipole  Antenna 
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Figure  4.  Graph  of  the  Input  Impedance  (R  +  jX)  versus  Resistive  Loading  ($*) 
for  h/a  =  35.6  at  42.09  GHz 
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Figure  5.  Graph  of  the  Input  Impedance  (R  +  jX)  versus  Resistive  Loading  (4>j) 
for  h/a  =  142.?.  at  42.09  GHz 
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Figure  7.  Giaph  of  Bandwidth  versus  Resistive  Loading 
for  Different  (h/a)  Dipole  Thickness 
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EXPERIMENTAL  DESIGN  AND  PERFORMANCE  OF 
ENDFIRE  AND  CONFORMAL  FLARED  SLOT 
(NOTCH)  ANTENNAS  AND  APPLICATION  TO 
PHASED  ARRAYS:  AN  OVERVIEW  OF  DEVELOPMENT 
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GE  Aerospace 

Aerospace  Electronic  Systems 
Utica,  NY  13503 

ABSTRACT 

The  empirical  development  of  the  flared  slot  or  notch  antenna  for  wide  bandwidth 
operation  is  discussed  along  with  the  endfire  and  conformal  printed  circuit  designs  of  this 
anteima  element  type.  Array-element  and  active  impedance  characterization  of  three 
dual  polarized  planar  arrays  of  two  densities  are  presented.  A  conformal  aperture  design 
is  also  given  for  a  wideband  crossed  microstrip  flared  slot. 

1.0  INTRODUCTION 

Recent  research  in  airborne  antenna  systems  has  focused  on  including  multifunction 
(radar,  Electronic  Warfare  (EW),  Electronic  Countermeasure  (ECM))  capability  into 
phased  arrays  which  operate  over  multioctave  frequency  bands.  Both  planar  and 
conformal  (smart  skin)  applications  of  airborne  phased  array  systems  are  being  pursued 
with  the  requirement  that  they  possess  horizontal,  vertical,  and  circular  polarization 
capabilities.  Reduced  grating  lobe  requirements  at  the  upper  frequencies  have  driven  the 
array-element  spacings  closer,  which  in  turn  has  reduced  the  array-element  width.  Given 
the  wide  frequency  range  (several  octaves)  that  planar  arrays  are  required  to  cover,  only 
endfire  antenna  elements  such  as  the  flared  slot  (notch)  or  the  log-periodic  antenna  can 
be  considered  potential  candidates.  However,  log-periodic  antennas  have  inherent 
limitations  which  make  them  less  useful  for  planar  phased  arrays.  First,  because  the 
individual  element  arms  occupy  a  large  portion  of  the  total  element  height  coupling 
interaction  between  adjacent  elements  is  problematic.  Second,  the  necessity  of  a  closely 
confined  element  spacing  (area)  restricts  the  low  frequency  arm  lengths  beyond  the  point 
of  their  opfimd  performance  (half-wavelength).  Fortunately,  the  printed  circuit  stripline 
fed  flared  slot  antenna  offers  a  viable  alternative.  While  the  nominal  low  frequency 
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limitation  of  a  free  space  half-wavelength  in  element  width  still  exists,  the  reduction  in 
performance  at  the  low  end  of  the  frequency  band  is  not  as  severe.  For  conformal  arrays, 
a  microstrip  flared  slot  antenna  element  with  dual  polarization  capability  when  crossed 
can  also  be  used  over  a  multioctave  frequency  bandwidth  [1]. 

The  printed  circuit  flared  slot  antenna  with  a  microstrip  or  stripline  feed  is  a  complex 
three-dimensional  structure  which  does  not  lend  itself  in  full  to  available  analysis 
methods.  This  paper  will  focus  on  experimental  designs  and  results  while  pointing  out 
available  design  techniques  in  the  literature.  In  particular,  an  endfire  stripline  fed  version 
of  the  primed  circuit  flared  slot  or  notch  antenna  has  become  popular  and  is  extremely 
useful  as  a  planar  multioctave  phased  array-element.  This  general  flare  design  is  being 
used  for  both  endfire  and  conformal  printed  circuit  antenna  elements.  The  historical 
development  of  the  flare  design  is  traced  in  several  antenna  and  transmission  line 
structures  and  the  factors  that  have  resulted  in  the  parallel  evolution  of  this  design  are 
considered.  The  design  and  performance  characterization  of  three  planar  multioctave 
(6.0  to  18.0  GHz)  dual  polarized  phased  array  apertures  (using  endfire  stripline  fed 
flared  slot  elements)  and  a  conformal  microstrip  flared  slot  antenna  element  will  be 
discussed. 


2.0  OVERVIEW  OF  DEVELOPMENT 

The  development  of  the  endfire  flared  slot  or  notch  antenna  (in  particular  the  flare) 
can  be  derived  from  using  the  results  of  a  transverse  slot  in  an  aircraft  leading  edge, 
slotline  field  containment,  rudimentary  horn,  fin  line,  and  V-dipole  designs.  While  the 
esthetic  value  of  the  flare  is  not  central  to  the  functional  empirical  design,  examples  of 
similar  manifestations  can  be  found  in  art  and  nature  (i.e.,  “Vivaldi”  horn,  corolla  of 
Ipomea  purpurea). 

The  notch  antenna  was  developed  out  of  the  applications  of  conformal  half-wavelength 
slot  antennas  to  aircraft  leading  edges.  The  relationship  of  the  standing  wave  slot  antenna 
in  an  infinite  ground  plane  as  the  complementary  of  a  dipole  antenna  was  given  by 
Booker  in  1946  [2],  The  two  most  common  coaxial  excitation  schemes  for  this  type  of 
half-wavelength  slot  are  the  center  fed  and  edge  fed  versions.  The  edge  fed  slot  provides 
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better  impedance  match  at  resonance  [3].  Conformal  slot  antennas  suited  for  the  curved 
structure  of  aircraft  and  for  drag  reduction  were  given  by  Carry  in  1952  [4].  In  this  paper, 
he  describes  experimental  results  of  axial  and  transverse  slots  in  fin  and  wing  edges 
(leading  edges).  The  transverse  slot  gave  good  forward  radiation  with  minimal  back 
radiation  which  appeared  to  increase  with  smaller  lengths  and  thicknesses  of  the 
streamlined  cylinder.  As  the  leading  edge  angle  is  reduced,  the  edge  fed  element  behaves 
quite  differently  from  that  of  a  half-wavelength  standing  wave  slot.  As  the  angle  goes  to 
zero,  the  half-wavelength  slot  is  transformed  into  a  quarter-wavelength  opened  slot 
element  with  unique  characteristics.  In  a  1955  paper,  Johnson  [5]  describes  this  opened 
slot  endfire  element  as  a  notch  antenna.  In  his  paper,  the  antenna  performance  is 
described  for  several  notch  antennas  cut  in  the  top  of  finite  ground  plane  edges.  It  was 
found  that  a  quarter -wavelength  notch  yielded  broad  bandwidth  behavior  in  an  edge  fed 
configuration. 

The  flared  slot  antenna  can  be  derived  from  transmission  line  structures.  Slot  line  on  a 
dielectric  substrate  as  a  form  of  printed  circuit  transmission  line  was  given  by  Cohn  in 
1969  [6].  Examining  the  electric  field  distribution  in  a  slot  transmission  line,  Reuss,  in  a 
1974  report  [7],  described  a  broadband  slotline  antenna  obtained  by  flaring  the 
transmission  line. 

Another  development  of  this  type  of  antenna  is  derived  from  the  horn  antenna  design. 
The  silhouette  of  the  horn  given  by  Carr  [8]  can  be  used  to  derive  a  low  profile  printed 
circuit  version  of  flared  slot.  Kerr  describes  a  very  broadband  low  profile  antenna  which  is 
also  determined  from  a  horn  [9].  A  rudimentary  horn  antenna  was  presented  by 
Scngupta  and  Ferris  which  was  developed  from  the  broadband  ridged  horn  [10], 

A  printed  microstrip  version  of  the  notch  antenna  having  the  form  of  a  flared  slot  was 
given  by  Monser,  Hardle,  and  Ehrhardt  [11].  A  stripline  fed  version  of  a  flared  notch 
antenna  for  multiple  polarization  broadband  arrays  was  discussed  by  Lewis,  Fassett,  and 
Hunt  [  12] .  Gibson  used  the  name  Vivaldi  after  the  composer  Antonio  Vivaldi  to  describe 
a  printed  circuit  wideband  flared  antenna  [  13] .  A  flared  slot  antenna  was  also  constructed 
in  a  fin  line  by  extending  and  flaring  the  printed  circuit  beyond  the  housing  [14].  This 
type  of  flare  design  can  also  be  expressed  as  a  V-dipole  or  (flared  dipole)  design  as 
shown  in  Figure  1. 
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Figure  1.  V-Dipole  Flare  Designs 


3.0  ENDFIRE  FLARED  SLOT  (NOTCH)  DESIGN 

The  notch  antenna  proposed  by  Carry  and  Johnson  can  be  realized  as  a  printed  circuit 
structure  as  described.  The  element  notch  can  be  etched  on  the  metallized  side  of  a 
dielectric  substrate,  and  the  transmission  line  which  feeds  the  antenna  can  be  realized  as 
a  microstrip  or  a  striplinc  feed.  A  stripline  fed  double-sided  board  can  be  constructed 
where  the  notch  is  etched  on  both  sides  of  the  ground  plane  and  the  open  circuited 
stripline  feeds  at  a  right  angle  across  the  slots.  In  general,  the  transmission  line  can  be 
directly  shorted  to  the  ground  plane  at  the  end,  or  left  open  circuited. 


The  three  principle  components  which  make  up  the  printed  circuit  stripline  or 
microstrip  flared  slot  (Notch)  antenna  are  the  50-ohm  stripline  or  microstrip  feed,  a 
stripline-  (or  microstrip)  to-slotline  coupling  transition,  and  a  flared  slot  or  notch  tapered 
to  provide  a  wideband  impedance  match  to  free  space.  The  first  component,  the  stripline 
or  microstrip  feed,  can  be  determined  from  standard  design  equations  like  those  given  by 
Wheeler  [15],  and  Cohn  [16]. 

The  microstrip  or  striplinc-to-slotline  transition  is  used  to  couple  energy  from  the 
stripline  to  the  slotline.  Cohn  describes  the  design  of  a  microstrip-to-slotline  transition, 
where  the  short-circuited  slotline  and  open-circuited  microstrip  line  end  a 
quarter-wavelength  beyond  the  crossover  point;  a  30  percent  bandwidth  is  possible  [6]. 
This  type  of  transition  was  essential  to  simplifying  the  feed  design  from  coaxial  to  that  of  a 
simple  printed  circuit  design.  In  this  design,  the  low  impedance  line  acts  as  a 
quarter-wavelength  short  at  the  slot  and  the  high  impedance  slot  acts  as  a 
quarter-wavelength  open  at  the  line,  thereby  maximizing  the  coupling.  If  the  guide 
wavelength  is  made  less  than  40  percent  of  the  free  space  wavelength,  the  quasi-TEM 
fields  will  be  adequately  contained  and  will  not  radiate  giving  propagation  down  the 
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slotline  guide.  Increases  in  bandwidth  of  an  octave  can  be  produced  by  terminating  the 
microstrip  line  in  a  radial  stub  and  the  slot  in  a  short.  This  design  was  proposed  by 
Robinson  [17J  in  his  1969  paper.  Further  increases  in  bandwidths  (multioctave)  have 
been  obtained  by  terminating  the  slotline  in  an  open  circuit  and  the  stripline  or 
microstripline  in  a  d.c.  short  to  the  ground  plane  [18]  or  in  a  radial  stub.  So  far,  this 
overview  has  not  discussed  the  characteristic  impedances  or  losses  of  slotline  and  its 
relationship  with  microstrip  or  stripline  feed  impedances.  Rigorous  three-dimensional 
analysis  of  this  microstrip-to-slotline  design  has  not  been  done  in  the  literature.  More 
recent  work  of  Janaswamy  and  Schaubert  [19]  have  formulated  the  problem  in  the 
spectral  domain  and  have  given  characteristic  impedance  curves  for  single-sided  slotline 
on  low  dielectric  substrates. 

A  characteristically  traveling  wave  antenna  is  realized  by  flaring  a  notch  or  transmission 
line  out  to  provide  a  smooth  impedance  transformation  from  the  line  impedance  to  the 
characteristic  impedance  of  free  space.  The  term  flared  slot  is  used  to  describe  this 
element  on  a  printed  circuit  substrate.  The  launched  quasi-TEM  fields  of  the  slotline 
radiate  when  the  guide  wavelength  is  greater  than  approximately  40  percent  of  the 
freespace  wavelength.  Therefore,  the  phase  center  of  the  point  of  radiation  moves  up  the 
flare  with  decrease  in  frequency.  This  results  in  a  low  frequency  limit  based  on  element 
width.  This  low  frequency  limitation  in  width  occurs  at  a  freespace  half-wavelength  where 
a  moderate  roll-off  can  be  obtained  down  to  a  tenth  of  a  freespace  wavelength.  For 
shorter  length  flares  (\o/4«-+A,er /4,  and  widths  <  X^/2),  the  possibility  of  a  more 
resonant  antenna  exists.  A  first-order  approximation  to  the  gain  is  given  by  the  directivity 
of  the  element  width  squared  where  the  gain  increases  as  roughly  the  square  of  the 
frequency.  Modification  of  the  flare  shape  can  result  in  beam  broadening,  pattern 
shaping,  and  impedance  matching.  More  discussion  on  flare  design  and  analysis  can  be 
found  in  the  literature  [13,20-23]. 

With  the  design  evolution  of  these  three  components,  a  stripline  fed  design  with  a 

printed  circuit  flare  on  both  sides  of  the  dielectric  substrates  can  be  realized,  as  shown  in 

✓ 

Figure  2.  This  printed  circuit  endfire  element  which  has  a  multioctave  bandwidth  can  be 
realized  into  a  number  of  array  and  phased  array  applications  [12,24-26]. 
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Figure  2.  Stripline  Fed  Flare*'  Slot  (Notch) 
Antenna  Element 

4.0  PLANAR  ARRAY  DESIGN  AND  PERFORMANCE 


The  design  and  performance  of  three  dual-polarized  planar  arrays,  an  8x8 
half-populated  square  lattice  (HPS),  an  8  x  8  fully-populated  square  lattice  (FPS),  and  a 
half-populated  equilateral  triangular  lattice  (HPT)  with  close  element  spacings  to  reduce 
grating  lobes  at  higher  frequencies  will  be  discussed.  The  population  refers  to  the  module 
density  behind  the  aperture.  For  half-population  there  are  half  the  number  of  active  T/R 
modules  needed  behind  the  array-elements  because  the  eiemems  are  driven  in  pairs. 
Full-population  refers  to  each  array-element  being  driven  by  an  active  T/R  module. 
These  arrays  are  used  to  characterize  the  stripiine  fed  flared  slot  as  a  phased 
array-element.  This  performance  is  determined  in  part  by  the  mutual  coupling  between 
elements  in  the  array  environment.  A  short  flare  length  (at  low  frequencies)  was  used  to 
reduce  array  mutual  coupling  interactions  and  to  optimize  array-element  patterns.  The 
central  array-element  performance  (gain,  patterns,  and  mutual  coupling)  and  active 
VSWR  with  scan  are  given  for  all  three  arrays. 

Both  square  lattice  arrays  have  a  rotated  square  grid  with  0.375-inch  like  polarization 
spacings  and  0.265-inch  spacings  between  unlike  polarizations.  Both  arrays  consist  of 
eight  rows  by  eight  columns  of  dual  polarized  elements  for  a  total  of  256  radiating 
elements.  The  triangle  lattice  is  layed  out  on  a  0,433-inch  equilateral  phase  center  grid 
spacing.  The  like  polarized  elements  have  a  0.306-inch  spacing  and  an  adjacent 
overlapping  separation  of  0.112  inch.  These  lattice  spacings  determine  the  allowable 
element  width  for  a  given  element  thickness  in  the  array  design. 

The  array-element  used  in  both  half-populated  arrays  is  etched  on  a  0.04-inch  ground 
plant  spacing  (GPS)  low  loss  duroid  substrate  (€r  =2.2).  Half-population  is  achieved  by 
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combining,  with  a  Wilkinson  power  divider,  every  two  like  polarized  elements  into  a 
two-element  subarray  as  shown  in  Figure  3.  Two  orthogonal  polarizations  (with  common 
phase  centers)  are  realized  by  joining  (co-locating  at  90  degrees)  a  pair  of  subarrays 
through  a  mechanical  slot  cut  in  the  top  of  one  subarray  and  the  bottom  of  the  other 
subarray.  An  absorber  load  is  used  to  mask  the  ground  plane  reflection  and  optimize  the 
array-element  gain  and  impedance  match.  This  electrically  unique  orthogonal 
subarray-clement  pair,  shown  in  Figure  4,  is  then  used  in  the  square  lattices  described 
above,  yielding  0.53-inch  in  phase  center  spacing  with  128  subarrays  in  the  8x8  array 
shown  in  Figure  5.  The  central  subarray-element  (passive)  return  loss  is  shown  in 
Figure  6  from  2.0  to  20.0  GHz.  This  same  design  with  the  element  width  foreshortened  is 
used  in  the  denser  HPT  array,  yielding  0.433-inch  equilateral  triangular  phase  center 
spacings  with  128  subarrays  in  the  array  shown  in  Figure  7.  The  fully  populated  aperture, 
shown  in  Figure  8,  uses  a  stripline  notch  element  etched  on  0.062  GPS  high  loss  G10 
substrate  (cr  =  4.5).  The  element  was  designed  to  fit  in  the  prescribed  lattice  spacing, 
yielding  one  unique  element  with  a  width  of  0.3  inch.  This  results  in  an  electrically  small 
element  at  the  lower  frequencies,  which  reduces  the  radiation  efficiency. 


Figure  4.  Orthogonal  Subarray 
Element  Pair 


In  the  HPS  and  HPT  arrays,  the  central  subarray-i  .merits  number  71  and  74  and  the 
orthogonal  subarray-elements  number  72  and  73  were  measured,  respectively,  along  with 
the  central  array-element  number  120  in  the  FPS  array  for  gain  and  E-  and  H-planc 
patterns.  The  gains  of  elements  71,  72,  73,  74,  and  120  arc  shown  in  Figure  9.  The  gain 
of  element  72  with  a  slot  cut  in  the  bottom  is  approximately  2  dB  below  that  of  the 
allowable  directivity.  Triangular  subarray-element  number  74  and  73  gain  has  a  4  dB 


Figure  3.  Wilkinson  Stripline  Fed  Flared 
Slot  HP  Subarray  Element  Pairs 
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at  12  GHz.  Figure  14  allows  the  E-plane  half-power  beamsvidths  for  elements  71,  72,  73, 
74  and  120.  The  H-plane  half-power  beamwidths  are  shown  in  Figure  15.  The  E-  and 
H-plane  beamwidths  of  the  HPT  subarray-element  patterns  vary  more  widely  than  the 
HPS  subarray-element  beamwidths  due  to  interaction  between  the  overlapping  elements. 


Figure  9.  Array-Element 
Gain 
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Figure  10.  Close-Up  View  of  Overlapping 
Orthogonal  Subarray-Element  Pairs  in  the 
HPT  Array 


The  active  VSWR  with  scan  was  calculated  for  central  i rray-elements  71,  72,  57,  58, 
121,  and  12C  using  mutual  coupling  data  measured  from  the  respective  arrays.  The 
mutual  coupling  measurements  are  made  from  element  to  element  while  all  other 
array-elements  are  temrnated  in  50  ohms.  This  corresponds  to  free  excitation  (method) 
of  the  radiating  element?  [27).  The  mutual  coupling  from  three  dement  orientations  in 
the  three  arrays  is  shown  in  Figures  16,  17,  and  13.  These  transmission  plots  show 
coupling  in  the  adjacent  E-Plane  and  H--Plane  of  a  central  array-element.  Figure  16 
shows  the  E-Plane  coupling  of  element  71  to  element  57,  58  to  76,  and  121  to  106. 
Figure  17  shows  the  H-Plane  coupling  of  elements  71  to  53,  58  to  44,  and  121  to  104. 
The  coupling  in  the  HPT  array  is  higher  <n  both  the  E-Plane  and  H-Plane.  The  coupling 
in  the  H-Plane  is  higher  than  the  coupling  in  the  E-Plane  similar  to  that  of  two  half¬ 
wavelength  dipoles.  The  orthogonal  array-element  coupling  data  is  shown  in  Figure  18  for 


36 


12.0  OHI  H-PLANE 


18.0  OHl  H-PLANE 


Figure  11.  8  x  8  HPS  Subarray-Element  71  Patterns 


elements  71  to  72,  58  to  57,  and  121  to  120.  The  orthogonal  coupling  in  the  HPT  array  is 
greater  at  the  lower  frequencies  than  the  HPS  array.  Active  VSWR  is  the  VSWR  of  the 
element  in  the  active  array  environment.  For  an  infinite  array  this  would  be  the  active 
VSWR  presented  to  the  T/R  modules  by  all  the  array-elements.  The  transmission  data, 
along  with  the  return  loss  of  central  airay-element,  was  used  to  calculate  the  active 
VSWR  as  the  aperture  is  mathematically  activated  and  scanned  over  all  radiating 
half-space.  The  active  VSWR  with  scan  is  plotted  in  sine  theta  space  from  6  to  18  GHz  in 
0.125-GHz  steps  over  all  radiating  half- space.  The  data  points  are  taken  in 
approximately  3-degree  increments  for  a  total  of  1961  points  per  plot.  The  active  VSWR 
with  scan  for  array-elements  72,  57,  and  120  at  7,  12,  and  18  GHz  is  shown  in  color 
density  plots  in  Figures  19,  20,  and  21  with  30-,  45-,  60-,  and  70-degree  scan  volume 
rings  superimposed.  The  active  VSWR  at  boresight  is  shown  in  Figure  22.  The  average 
active  VSWR  at  boresight  in  all  arrays  from  6  to  18  GHz  is  below  2.0.  The  maximum 
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Figure  14.  Array  -Element 
E-Plane  Beamwidths 
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number  of  occurrences  for  any  valye  of  active  VSWR  from  6  to  18  GHz  for  a  70  scan 
volume  is  shown  in  Figure  23.  The  mean,  medium,  and  standard  deviation  for  71  are 
1.94,  1.74,  0.91;  for  57  are  2.27,  1.91,  1.27;  and  for  120  are  2.05,  1.82,  0.87.  The  HPT 
array  has  a  larger  occurrence  of  high  active  VSWR  than  the  other  two  arrays. 
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Figure  17.  H-Plane  Adjacent 
Array-Element  Coupling 
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Figure  18.  Orthogonal 
Array-Element  Coupling 
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The  stripline  flared  slot  has  been  shown  to  be  useful  as  an  array  element  when 
increased  bandwidth  is  a  requirement.  The  8x8  KPS  and  FPS  arrays  are  applicable  to 
multifunction  multioctave  phased  array,  with  reduced  grating  lobe  restrictions  and  dual 
polarization  requirements.  For  the  dual  polarized  arrays,  the  8x8  HPS  array  yields  better 
array-element  performance.  The  8x8  FPS  aperture  has  tighter  coupling  and  lower  active 
VSWR  with  scan.  Interelement  absorber  loads  provide  for  array-element  optimization  of 
performance. 

5.0  CONFORMAL  MICROSTRIP  FLARED  SLOT  DESIGN  AND 

PERFORMANCE 

A  flare  design  can  be  used  along  with  a  microstrip-to-slotline  transition  design  to 
construct  a  conformal  printed  circuit  flared  slot  antenna  element  [1,28].  Microstrip  and 
crossed  slot  antennas  with  limited  bandwidth  have  been  extensively  discussed  in  the 
literature  [29,30].  A  new  conformal  wideband  crossed  microstrip  flared  slot,  shown  in 
Figure  24,  having  a  greater  than  three-to-one  bandwidth,  will  be  discussed.  The  origins 
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where  a  current  null  exists.  The  two  flared  slots  are  also  a  freespace  wavelength  long  at 
17.7  GHz.  A  two-octave-plus  bandwidth  in  the  slotline  coupling  response  is  achieved  by 
use  of  a  microstrip  line  terminated  in  a  radial  stub  fed  across  a  slotline  open  circuit.  In 
order  to  obtain  unidirectional  radiation,  a  reflecting  ground  plane  is  placed  on  the  side  of 
the  dielectric  substrate  parallel  to  the  flared  slot  surface.  To  cover  a  broader  range  of 
frequencies,  the  element  was  formed  into  a  cavity  type  resonator  by  use  of  standard 
design  techniques  [34]  (Figure  25) . 


1.  2.  J.  «.  B.  «.  7.  B.  *.  10 


*cnvt  vswn 


Figure  23.  Number  of  VSWR 
Occurrences  in  a  70° 
Scan  Volume 


Figure  24.  Conformal  Crossed 
Microstrip  Flared  Slot  with 
Four-Point  Feed 


Figure  25.  Geometry  of  Conforms!  Dual 
Polarized  Microstrip  Flared  Slot  and  Cavity 


The  measured  impedance  of  this  element  in  both  its  unidirectional  and  bidirectional 
configurations  has  a  well-matched  wideband  response.  Figure  26  shows  the  return  loss  of 
the  cavity  backed  element  from  4.5  to  18.0  GHz.  The  low  frequency  limit  in  element 
match  has  been  found  to  be  the  point  at  which  the  flared  slot’s  maximum  width  is  equal  to 
a  half-wavelength  in  the  dielectric,  in  this  element  design,  the  horizontal  or  vertical  slot 
flare  opens  into  the  bisecting  slot.  This  gives  the  slot  a  flare  width  equal  to  the  bisected 
slot’s  length.  The  width  and  length  of  both  crossed  slots  shown  in  Figure  25  is  0.667  inch, 
corresponding  to  a  low  frequency  limit  of  4.17  GHz. 
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On  A  (.()  dt /  AEF  -  0.00  d* 


Figure  26.  Return  Loss  of  Cavity-Backed  Crossed  Microstrip  Flared  Slot 

The  measured  results  of  the  vertical  and  horizontal  radiation  patterns  show  a  fairly 
well-behaved  response  for  the  cavity-backed  element  from  2.0  to  18.0  GHz.  Radiation 
patterns  were  measured  feeding  one  element  port  and  driving  two  element  ports  in  the 
four-point  feed  element  shown  in  Figure  25.  The  H-plane  radiation  patterns  are  shown 
in  Figure  27  at  2.1,  3.5,  4.0,  6.0,  14. G,  and  18-0  GHz  feeding  one  port.  These  patterns 
are  approximately  symmetric,  but  as  frequency  is  increased  to  14.0  GHz,  the  slot 
becomes  longer  than  a  half-wavelength  and  a  skew  in  the  pattern  becomes  visible. 
Observing  the  patterns  as  the  frequency  is  increased  to  18.0  GHz,  the  skew  becomes  less 
noticeable-  This  imbalance  was  believed  to  be  caused  by  the  traveling  wave  characteristics 
of  the  slot.  When  the  H-plane  pattern  at  14.0  GHz  was  remeasured  feeding  the  element 
at  two  points  (H:0,  0),  the  skew  in  the  previous  pattern  was  reduced  as  shown  in 
Figure  28-  The  fc-plane  patterns  at  2.0,  3.5,  4.0,  6.0,  12.0,  and  18.0  GHz  are  shown  in 
Figure  29.  The  E-plane  response  from  14.0  to  18.0  GHz  exhibits  a  ripple  that  is  caused 
by  the  interaction  between  the  slot  and  the  finite  ground  plane  [3j. 

This  microstrip  planar  crossed  flared  slot  shows  promise  of  being  extremely  useful  as  a 
conformal  dual  polarized  wideband  antenna  element  for  use  in  conformal  array  concepts. 
There  appears  to  be  a  compromise  between  impedance  match  (as  the  slot  is  flared  to  its 
length)  and  cross  polarization  level.  The  skew  in  the  H-plane  at  upper  frequencies  is 
caused  by  a  traveling  wave  due  to  a  slot  width  greater  than  0.4  \t  and  a  length  greater 
than  Xf,  This  skew  was  reduced  by  using  a  four-point  feed  design.  The  flare  can  be 
optimized  to  provide  maximum  match  with  minimum  cross  polarization  levels. 
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14.0  QHz 


Figure  27. 


’—Plane  Patterns  of  Cavity-Backed  Crossed  Flared  Slot 
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Figure  28.  Cavity-Backed  Crossed  Flared  Slot  H-Plarte  Pattern  at  14  GHz  (Both 
Ends  of  Linearly-Polarized  Slot  Fed  0°,0°) 

6.0  FINAL  CONCLUSION 

Printed  circuit  flared  slots,  both  conformal  and  endfire,  are  becoming  more  useful  for 
phased  arrays  requiring  reduced  grating  lobes  and  multioctave  frequency  coverage  with 
dual  polarization  capability  The  design  history  has  involved  experimental  insight  and 
evolving  analysis  techniques.  Future  three-dimensional  analysis  methods  are  needed  to 
model  these  complex  printed  circuit  antenna  geometries. 
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ABSTRACT 


POWER  HANDLING  PRINTED  SUB-ARRAY  FOR  WIDE  BANDWIDTH  SCANNING 
ANTENNA  ARRAY 


This  paper  presents  the  pattern  and  gain  characteristics  of  a  printed 
sub-array  radiating  element  over  a  4  to  1  frequency  band. 

We  present  the  power  handling  capabilities  (130  W  C.W.)  and  the 
technological  choice  for  designing  this  radiating  element. 

The  purpose  of  this  study  is  to  design  a  vertical  polarization  radiating 
element  with  size  limitation  compatible  with  a  H-plane  scanning  array  of 
+  50°. 


The  radiating  element  consists  of  four  stripline  notches  fed  by  a  corporate 
power  divider  structure. 

The  basic  cell  of  the  corporate  feed  consists  of  an  in-line  compensated 
three  port  power  divider  designed  in  two  different  technologies  : 

-  stripline  with  air  dielectric  substrate, 

-  stripline  with  0.8  mm  PTFE  dielectric  substrate. 

Finally  we  compare  the  performances  of  this  radiating  element  to  the 
performance  of  a  H-plane  sectoral  horn  of  the  same  size. 
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3. 


*  1  -  INTRODUCTION 


Many  small  phased  array  antennas  with  vertical  polarized  radiators 
must  be  based  upon  the  following  considerations  : 

-  The  bandwidth  is  close  to  two  octaves  with  a  VSWR  less  than  3:1. 


-  The  azimuthal  size  of  the  element  is  small  enough  to  have  reduced 
transmit  grating  lobes  with  an  H-pIane  scanning  of  +  50°. 


-  The  elevation  size  of  the  element  permits  a  minimum  field 
of  view  of  20°  (in  the  E-plane). 

-  The  power  handling  capability  (130  W  CW)  meets  system  requirements 
using  mini  TWT's. 

-  The  physical  construction  of  the  Duroid  radiator  with  aluminium 
structure  is  able  to  withstand  environmental  conditions  (thermal, 
shock  and  vibration  , . . ) . 

2  -  DESCRIPTION  OF  THE  MODEL 

Figure  1  shows  a  photograph  and  a  block  diagram  of  the  experimental 
sub-array  radiating  element. 

The  radiator  consists  of  four  stripline  notches  using  a  modified 
klopfenstein  taper  on  the  flared  slot. 

The  printed  sub-array  fed  by  a  corporate  power  divider  structure  is 
mounted  in  a  mechanical  support  used  as  heat  sink. 


* 
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4. 


2.1.  Corporate  feed 

The  severe  volume  constraints,  imposed  by  the  close  element  spacing 
in  elevation  and  the  requirements  in  terms  of  power 

handling  and  bandwidth,  have  necessitated  special  care  in  the  * 

design  of  the  power  distribution  network. 

The  basic  cell  of  the  corporate  feed  consists  of  an  inline 
compensated  three  port  power  divider. 

Figure  2  shows  the  basic  cell  in  stripline  technology  with 
air/dielectric  medium.  VSWR  and  S12  (TRANSMISSION  COEFFICIENT)  are 
also  presented  from  Fo  to  4  Fo. 

Figure  3  shows  the  basic  cell  in  stripline  technology  with  0.8  mm 
Duroid  dielectric  substrate. 

VSWR  and  .S12  (TRANSMISSION  COEFFICIENT)  are  also  presented  in  the  band 
Fo  to  4  Fo;  Finally  we  have  designed  the  four  way  power  divider  using 
both  technologies  ;  the  input  connector  and  the  by-pass  connection 
use  coaxial  lines  with  TFE  reinforced  by  boron  nitride. 


2.2.  Radiating  element 


The  basic  radiating  element  of  the  sub-array  is  the  stripline  notch 
antenna  designed  by  coupling  a  strip  transmission  line  to  two  outer 
conductors,  etched  on  the  opposite  sides  of  the  0.8  mm  thick  boards 
supporting  the  notches. 

Figure  4  shows  the  printed  sub-array  formed  by  four  identical  notches 
printed  on  a  single  circuit  board  and  using  a  modified  klopfenstein 
taper  on  the  flared  slot. 

With  this  configuration,  the  E-plane  line  array  is  optimized  in 
VSWR  on  each  radiating  element  embedded  in  the  array  (passive  VSWR). 

Figure  b  shows  the  passive  VSWR  of  each  element  from  Fo  to  4  Fo. 

Figure  6  shows  the  E  and  H  plane  co-polarization  pattern  of  center 
element  at  1.3  Fo  ;  2.4  Fo  and  4  Fo. 
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5. 


2,3,  Sub-array  results 

The  assembly  of  the  four  printed  notches  with  the  corporate  feed  was 
manufactured  using  a  common  case  with  by-pass  connection  in  high 
temperature  coaxial  line. 

Figure  8  gives  the  VSWR  of  the  sub-array  constructed,  in  the  band 
Fo  to  4  Fo  i  it  was  necessary  to  match  this  new  radiating  element 
by  defining  an  active  compensation  of  the  notches. 

Figure  9  shows  the  temperature  raising  of  the  case  versus  the  input 
power  of  the  sub-array  at  about  3.3  Fo  with  steps  of  25  W  CW  every 
30  mn  for  an  ambient  temperature  of  25°  C. 

Figure  10  shows  the  E  and  H  plane  co-polarization  pattern  of  the 
sub-array  at  i.l  Fo,  2.4  Fo  and  4  Fo. 

Finally  figure  11  gives  the  gain,  and  the  3  dB  beamwidth  of  the 
sub-array  at  1.1  Fo,  2.4  Fo  and  4  Fo. 

3  -  COMPARATIVE  RESULTS 


We  have  manufactured  an  H-plane  sectoral  horn  fed  by  an  in-line  adaptor 
TNG  coax,  to  WRD  (3.6  :  1).  This  partially  compensated  horn  has 
comparable  dimensions.  It  can  be  used  as  a  radiating  element  of  an  E-plane 
phased  array  for  a  scanning  up  to  +  50° . 

Figure  12  shows  the  comparative  efficiencies  of  both  radiating  elements. 

4  -  CONCLUDING  REMARKS 


The  feasability  of  a  compact  power  handling  printed  sub-array  over 
a  two  octaves  bandwidth  has  been  demonstrated. 

We  have  to  experiment  this  radiating  element  in  an  H-plane  array. 
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ABSTRACT 

This  paper  is  a  summary  of  some  of  our  current  work  in  both  broad¬ 
side  (conformal)  and  endfire  printed  circuit  antennas.  Many  models 
exist  for  the  design  of  conformal  printed  circuit  antennas. 

The  most  complicated  of  these  may  take  weeks  or  even  months  to 
develop  and  program.  This  paper  will  show  that  a  simple  transmission 
line  model  combined  with  segmentation  methods  can  be  used  to  predict 
the  resonant  frequency  and  input  impedance  of  a  surprising  variety 
of  elements  with  fair  accuracy.  Design  equations,  measured  data 
and  radiation  patterns  will  be  presented  for  stagger  tuned  elements, 
dual  and  circularly  polarized  inset  feed  patch  elements,  and  even 
a  circular  patch  modelled  using  rectangular  segments.  Measured 
data  will  be  used  to  provide  a  feel  for  the  I'ouge  over  which  this 
mo<’el  is  a  viable  design  candidate.  We  will  also  present  additional 
measurement  data  (i.e-  crosspolarization  patterns,  frequency  depen¬ 
dence  patterns  and  substrate  selection  information)  on  the  printed 
circuit  dipole,  presented  in  the  1986  proceedings  by  Rees  and  Edward. 
l„l  STAGGER  TUNED  RECTANGULAR  PATCH 

It  is  an  extremely  well  documented  fact  that  conventional 


microstrip  patch  antennas  are  narrow  band.  The  average  bandwidth 
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of  a  microstrip  patch  is  about  4%  and  bandwidths  up  to  10%  can  be 
achieved  by  increasing  the  electrical  thickness  of  the  substrate. 
However,  the  use  of  thick  substrates  in  arrays  is  complicated  due 
to  the  excitation  of  surface  wave  modes.  We  chose,  to  model  a  stagger 
tuned  element  [1]  because  it  promised  an  increased  bandwidth  over  a 
standard  rectangular  patch  for  the  same  substrate  thickness. 

A  stagger  tuned  patch  with  an  inset  coplanar  feed  line  is  shown 
in  figures  1  and  2.  It  has  an  overall  length  and  width  of  A  and  B 
respectively.  The  conductor  thickness  is  T  and  the  patch  sits  on 
top  of  a  substrate  of  thickness,  H.  The  length  and  width  of  the 
stagger  tuned  section  is  SL  and  SW  respectively.  In  the  transmis¬ 
sion  line  model,  this  antenna  is  modelled  as  3  slots  (re.  Fig  2) 
located  on  the  edges  of  the  patch  perpendicular  to  the  feedline. 

These  slots  are  then  connected  to  the  feedpoint  through  the  patch, 
which  is  modelled  as  sections  of  microstripline  of  width  A  and  SW. 

The  slots  are  assumed  to  have  lengths  (A-WI),  (A-SW)  and  SW  respect¬ 
ively.  Harrington  gives  the  admittance  of  a  narrow  H-piane  slot 
as  [2:183]: 

Y8«  irAAn0  (l-k2H2/24)  +  jA/*n0  [3.135-2  JU(kH)]  (i) 

•  Gs  +JBS 

where  A  is  replaced  by  (A-WI),  (A-SW)  and  SW  for  the  admittances 
YSi,  Yg2  and  Yg3  of  slots  1",  2  and  3  and  n0**  377n  is 
the  impedance  of  free  space.  The  main  and  stagger  tuned  sections 
of  the  patch  are  modelled  as  sections  of  microstripline  of  width 
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Figure  3.  Equivalent  Circuit  of  Stagger  Tuned  Patch 
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Stagger  Tuned  Patch  Tnput  Impedance  vs.  B A 


A  and  SW.  Their  admittance  is  given  by  Schaubert  et.  al«  as  [3] : 

Y  ■  J7~!  nQ[A/H  +  1.393  +  .667  *n(A/H  +1.444)]-1  (2) 

where  ee  -  (er  +  l)/2  +  (  er  -  l)/(2  /T~+  10H/A) 

where  A  Is  equal  to  A  for  the  admittance  of  the  main  patch  section  Yp 
and  A  ■  SW  for  the  admittance  of  the  stagger  tuned  section  Yp6. 

In  a  patch  such  as  this,  the  input  impedance  varies  from  a  high 
value  at  the  edge  (approx.  200  )  to  zero  at  the  center.  It  Is  not 

always  convenient  to  use  such  a  high  impedance  line.  To  use  a  feed- 
line  with  a  lower  characteristic  impedance  ZQ,  we  move  the  feedpoint 
inward  from  the  patch  edge  by  cutting  two  short  slots  parallel  to  the 
f^edline  as  shown  in  figure  2,  thus  forming  an  inset  feed.  Then  the 
admittance  of  all  of  the  radiating  slots  Is  transformed  to  the  loca¬ 
tion  of  the  inset  feed.  Thus  the  input  admittance  of  the  patch  is 
given  by  the  equivalent  circuit  of  figure  3.  In  equation  form,  the 
admittance  at  the  intersection  of  the  main  patch  and  stagger  tuned 
section  is: 

Y2  -  Yps[(eJU3  +  r3e"^3)/(e3ki3  -  r3e“Jkl3)]  +Yg?  (3) 

and  therefore  the  admittance  of  the  open  circuit  side  of  the  patch  is: 
Yoa  -  Yp[(eJkt2  +  r2  e"Jki2)/(eJkt2  -  r2  eJk£2)]  (4) 

where  r3  -  (Ys3  -  Yp8)/(YS3  +  Yps)  ,  i3  -  SL  /“e^ 

r2  -  (y2  -  yp)/(y2  +  yp)  ,  *2  -  ( b  -  d  -  sl)  rri 

similarly,  the  admittance  of  the  feed  side  of  the  patch  is: 

Yfs  »  YptCe^l  +  T1  e~Jk*l)/(eJk*l  -  T]_  e~3k<ll)]  (5) 
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Figure  5.  Stagger  Tuned  Patch  Input  Impedance  vs.  Inset  Depth  D 
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Figure  6.  Stagger  Tuned  Patch  Model  Error 
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where 


(6) 

(7) 

(8) 

-  G2  +  jB2  +  Yps  G3  cosCkJlj)  +  j [B3  cos(k«3)  +  YpS  sin(k£3)] 

[Yps  cos(W3)  -  B3  sin(k£3)]  +  j  G3  sin(k£3) 

Y^n  Ik  then: 

Yln  *  Yos  +  Yfs  (10) 

where  G^,  G2,  G3,  Ej ,  B2  and  B3  are  the  real  and  Imaginary  parts  of 
the  slot  admittances  using  eqn.  (1).  Figure  4  is  a  plot  of  patch 
Input  Impedance  vs.  B/X  and  figure  5  Is  a  plot  of  patch  input 
impedance  vs.  Inset  depth  D.  To  determine  the  correct  patch 
dimensions  for  a  given  resonant  frequency  and  input  impedance, 
we  set  D  ■  0  in  eqn  (9)  and  make  successive  guesses  at  B  until 
the  Imaginary  part  equals  zero-  A  good  initial  guess  is 
B  »  .49  XQ/  /  er.  Next,  we  adjust  D  until  the  real 
part  equals  the  feedline  characteristic  impedance-  A  good 
Initial  guess  for  D  Is  given,  by  Carver  and  Mink  [4]  for  a  rectan¬ 
gular  patch  as: 

D  -  (B/tt)  cos~^  [Rq /  /R~]  (11) 


ri  -  (ySi  -  yp)/(ySi  +  yp)  ,  £1  =  d  rr; 

Using  Euler's  relations, 

Yfs  *  Yp  G1  cos(k£ 1 )  +  j[B^  cos(k£i )  +  Yp  sin(k£2)] 
[Yp  cos(k£i)  -  Bi  sin(k£i)]  +  j  sin(k£1) 
Yos  “  Yp  G2  C09(k£2)  +  j [B*  cos(k£2)  +  Yp  sin(k£2)] 
[Yp  cou(k£2)  —  B?  sin(k£2)]  +  j  G2  sin(k£2) 

where 

g*  +  jB;  =  y2 
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Figure  7.  Stagger  Tuned  Patch  Sample  Return  Loss  Measurement 


Figure  8.  Loss  Per  Inch  on  Epoxv  FR4 
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where  F.0  equals  Z0>  the  characteristic  impedance  of  the  feedline, 
and  Rg  is  the  edge  inpuc  resistance  of  the  patch  without  an  inset 
feed.  It  is  also  necessary  to  apply  a  length  extension  since 
fringing  fields  cause  the  radiating  slots  at  the  patch  edge  to 
appear  electrically  some  small  distance  beyond  the  edge  of  the 
patch.  Hamnwrstadt  >5]  gives  a  very  good  approximation  for 
apparent  lengtn  extension  of  an  open  circuited  microslrip  trans¬ 
mission  line  as; 

M  =  .412  H  *;  e e  +  . 3)(WI/H  +  .264)  (11) 

(  ee  ■  .?5>&>(W/K  +  .3) 

Our  model  was  modified  to  account  for  this  effect  u>  using 
tl  =  D  +  61/7.,  1 2  =  ”  u  ~  (/t~e  H  tl/2 

and  d3  “  SL  /e~e  +  AJl/2. 

1.2  STAGGER  TUNED  PATCH  ANTENNA  TEST  RESULTS 
In  order  to  ensure  a  fair  comparison  of  this  jatch  to  a  standard 
rectangular  patch,  we  used  the  same  substrate  material,  connect  ore , 
and  design  f requencies  that  we  used  in  the  rectangular  patch  study 
[6].  In  addition,  the  measurement  equipment  and  calibration 
procedures  were  identical  for  each  study. 

Eight  individual  patch  antennas  with  resonant  frequencies 
between  2  and  Id  GHz  were  constructed  and  tested.  Figure  1  is  a 
photograph  of  one  of  the  antennas.  The  substrate  used  for  this  and 
the  previous  study  was  1/16"  thick  FR4  epoxy-fiberglass  with  a 
relative  dielectric  constant  cf  4.4  and  1-oz.  (T=5.0014")  copper 
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Stagger  Tuned  Patch  E  and  H-Plane  Patterns 


cladding.  The  length  and  width  of  the  stagger  tuned  section 
was  chosen  as  14%  and  42%  of  the  elements  total  length  and  width 
respectively.  Figure  6  shows  the  model  error  between  design  and 
measured  resonant  frequencies  for  an  original  model  and  the 
modified  model  presented  in  this  report  which  uses  the  effective 
dielectric  constant  and  Hammerstadt 's  length  extension. 

The  modified  model  was  very  accurate  for  all  frequencies  used  in 
this  study. 

Just  as  the  resonant  frequency  measurement  is  a  direct  test  of 
the  model's  accuracy  in  predicting  the  patch  length,  B,  the  return 
los3  measurement  tests  its  accuracy  in  determining  the  feed  point 
location  D.  A  sample  return  loss  measurement  for  one  of  the  stagger 
tuned  antennas  is  shown  in  figure  7.  To  this  measured  return 
loss,  we  mast  add  the  two  way  attenuation  in  the  microstripline 
between  the  network  analyzer  test  port  and  the  antenna's  feed  point, 
since  that  attentuation  will  tend  to  make  the  antenna's  reflection 
coefficient  appear  smaller  than  it  actually  is.  Figure  8  shows 
the  loss  per  inch  that  we  measured  in  a  microstripline  constructed 
on  the  same  epoxy-r iberglass  material  as  the  antennas.  The  procedure 
used  to  measure  the  loss  is  documented  in  [7],  Figure  9  shows  the 
corrected  return  loss  vs.  measured  frequency  for  each  of  the  eight 
antennas  where  the  corrected  return  less  is  the  measured  return 
loss  corrected  for  the  two  way  attenuation  in  the  microstripline. 

All  of  the  antennas  had  very  good  return  losses  (>20db)  which 
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Figure  11.  Stagger  Tuned  Patch  Bandwidth 
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Figure  12 


indicates:  one,  the  depth  of  the  inset  feed  is  neither  significantly 
inductive  or  capncitative  since  the  feed  point  impedance  is  totally 
real,  and  two,  the  depth  of  the  inset  feed  corresponds  to  a  close 
impedance  match  with  the  100  ohm  feedline. 

The  E  and  H-plane  patterns  of  the  8  GHz  stagger  tuned  patch  shown 
in  figure  10  are  typical  patterns.  A  six  wavelength  (at  4  GHz)  ground 
plane  was  used  with  the  antennas  to  eliminate  possible  errors  due  to 
radiation  from  the  substrate  edge.  With  the  addition  of  the  ground 
plane,  the  characteristic  periodic  ripple  associated  with  radiation 
at  the  edge  of  the  ground  plane  in  the  E-plane  of  the  patch  becomes 
apparent  and  the  periodicity  of  the  ripple  increases  with  frequency 
as  it  should.  There  is  some  irregularity  in  the  E-plane  pattern 
due  to  the  edge  launch  connector. 

The  bandwidth  for  the  eight  Individual  patches  is  calculated 
between  the  2:1  VSWR  points  of  the  corrected  return  loss  measure¬ 
ment,  and  is  shown  in  figure  11.  The  increasing  bandwidth  with 
frequency  is  due  to  the  increasing  electrical  thickness  of  the 
substrate  and  is  within  the  hounds  we  would  expect  from  calcu¬ 
lations  by  Bahl  and  Bhartia  [8]  on  standard  rectangular  patches. 

From  figure  11,  you  can  see  that  although  the  measured  bandwidth 
of  the  stagger  tuned  patch  wap  generally  greater,  it  was  only  by 
a  small  amount  and  not  nearly  the  amount  we  had  hoped  for. 

2.1  DUAL  POLARIZED  SQUARE  PATCH 

A  dual  polarized  inset  feed  square  microstrip  patch  is  shown 
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in  figures  12  and  13.  This  patch  was  designed  for  a  second  genera¬ 
tion  dual  polarized  phased  array  for  bistatic  radar  where  one  of 
the  polarizations  is  probe  fed  and  the  other  polarization  is  fed 
using  a  corporate  microstripline  feed.  The  substrate  material  for 
this  effort  was  1/16"  thick  OAK-602  with  an  er  of  2.5.  To  design 
this  patch  we  assumed  symmetry  and  used  the  same  equations  as  in  the 
stagger  tuned  patch  except  only  two  radiating  slots.  We  expect  the 
patch  to  radiate  lower  than  the  design  frequency  because  the  inset 
feed  in  the  plane  of  the  patch  that  is  orthogonal  to  the  polarization 
being  fed  L  ngthens  the  current  path  between  the  radiating  edges  of 
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2.2  DUAL  POLARIZED  PATCH  TEST  RESULTS 

Nine  individual  dual  polarized  patches  were  built  with  operating 
frequencies  between  3  and  10  GHz.  Five  of  these  patches  were  built 
in  the  3.0-3.25  GHz  range  since  this  was  the  frequency  at  which  the 
bistatic  array  would  operate.  The  remaining  four  patches  were  built 
at  approx.  A,  6,  8  and  10  GHz  to  test  the  patch  over  a  wider  range  of 
frequencies  and  substrate  parameters.  All  of  the  patches  except  one 
resonated  between  seven  and  nine  percent  below  design  frequency 
as  shown  in  figure  1A.  This  figure  also  indicates  that  the  difference 
between  the  orthogonal  polarization  resonances  was  small  enough  that 
the  bandwidth  was  uua.ffeci.ee  The  corrected  return  losses,  patterns 
and  the  performance  of  the  patch  in  general  were  good  for  the  lower 
frequency  patches  but  degrades  for  the  higher  frequency  patents 
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probably  because  the  width  of  the  microstripline  does  not  scale 
and  thus  the  corner  of  the  patch  between  the  feedlines  becomes 
Isolated  from  the  rest  of  the  patch,  hence  changing  the  mode  structure. 
Dual  polarized  patterns  shown  In  figure  15  are  typical  of  the  lower 
frequency  patches  and  have  an  axial  ratio  of  about  1  dB. 

3.1  CIRCULARLY  POLARIZED  PATCHES 

Two  different  versions  of  circularly  polarized  square  microstrip 
patches  are  shown  in  figures  16-17.  Version  1  achieves  circular 
polarization  via  a  90  degree  hybrid  corporate  feed  network  and  version 
2  achieves  it  via  an  integrated  diagonal  slot  in  the  patch  [9J.  The 
goal  of  this  effort  is  a  model  with  enough  accuracy  to  build  a  patch 
for  given  frequency  and  substrate  parameters  in  one  or  two  iterations. 

In  light  of  this,  the  two  slot  transmission  line  model  used  for  the 
dual  polarized  patches  will  be  used  to  model  both  versions  of  CP  patches. 

3.2  MEASUREMENTS 

Three  hybrid  patches  and  three  slot  patches  were  built  between 
4  and  12  GHz  on  1/16"  Epoxy  FR4,  er  =  4.4.  Two  of  the  three  hybrid 
patches  resonated  between  6  and  8  percent  below  the  design  frequency 
as  expected  and  had  18-25  dB  return  losses.  However,  the  diagonal 
slot  patches  all  resonated  slightly  higher  than  expected  which  is 
contrary  to  the  results  presented  by  Kerr  [9]  on  a  similar  patch 
without  the  inset  feed.  This  informat  t  i  and  later  radiation 
patterns  that  had  a  25  dB  axial  ratio  indicate  that  the  inset  feed 
is  an  unacceptable  asymmetry.  Radiation  patterns  for  the  hybrid 
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design  were  fairly  good  at  3.7  GHz  (figure  18),  but  were  increasingly 
degraded  for  the  8  and  12  GHz  patches  no  doubt  due  to  the  same 
isolated  corner  problem  as  found  in  the  dual  polarized  patches. 

4.1  RECTANGULAR  SEGh.  ,<T  MODEL  CIRCULAR  PATCH 

The  circular  patch  that  was  modelled  is  shown  in  figure  19. 

The  patch  contour  was  modelled  by  rectangular  transmission  line 
segments  as  shown  in  figure  20  where  the  radiating  slots  are  located 
as  shown  in  figure  21  (the  inset  feed  design  in  figure  21  was  abandon¬ 
ed  because  the  input  impedance  was  complex).  Figure  22  shows  the 
equivalent  circuit  of  the  model.  In  equation  form,  starting  from 
the  open  circuit  side  of  the  patch  at  segment  N  and  working  toward 
the  feed,  we  have: 

\  +  e-JU«)/(eJkL®  -  +  Y0„  (12) 

for  2  <  m  <  N 

where  rm  =  (^sra  ~  ^p(m~l)^^sm  ^p(m-l))  >  m  " 

_  Yp(m-l))/(Ym  +  ^p(m-l))  ,  2  <  m  <  N 

and  finally, 

Yin  “  YP1 1 Ce JkLi  +  r2  e"JkLl)/(eJkLl  -  r2  e“JkLl)]  +  Ygl  (13) 

where  Ys  and  Yp  are  defined  by  eqns.  (1)  and  (2)  respectively  and  Lj, 
is  equal  to  the  length  of  each  individual  segment  divided  by  the 
square  root  of  ee  for  that  segment.  Note  that  the  effective 
dielectric  constant  is  different  for  each  segment  depending  on  the 
segment's  width.  Again,  to  determine  the  correct  patch  dimensions 
for  given  frequency  and  substrate  parameters,  the  radius  of  the 


patch  A  is  successively  changed  until  the  imaginary  part  of  eqn.  (13) 
equals  zero. 

4.2  TEST  RESULTS 

Four  patches  like  the  one  shown  in  figure  19  were  built  on  1/16" 
thick  PTFE  with  an  er  -  2.5  over  a  range  of  4-12  GHz.  The  corrected 
return  losses  of  all  of  the  patches  were  quite  good  (>18  dB).  Figure 
23  shows  model  error  for  the  various  segment  models.  Model  accuracy 
improved  as  expected  with  an  increasing  number  of  segments  to  a  point 
after  which  large  increases  in  the  number  of  segments  made  little 
improvement  to  the  accuracy.  Fringing  fields  at  the  edges  of  the 
patch  make  the  patch  electrically  larger  than  it  is.  A  radial  length 
extension  is  required  to  compensate  for  this-  Bahl  and  Bhartia  give 
a  radial  length  extension  for  their  cavity  model  as  [8:90]: 

Ae  -  A  [1  +  (2H/A3rer)(£n(7rA/2H)  +  1 . 7726> ] 1/2  (14) 

In  this  transmission  line  model,  the  slot  admittance  Ys  partially 
compensates  for  fringing  fields  hence  making  the  required  length 
extension  less  than  the  extension  required  in  a  cavity  model,  hence: 
Aeff  -  A  +  . 35(Ae  -  A)  (15) 

This  equation  resulted  in  model  errors  of  less  than  1%  for  all  of 
the  patches  tested- 

5.1  PRINTED  CIRCUIT  DIPOLE 

The  printed  circuit  dipole  presented  by  Edward  and  Rees  [10] 
consisted  of  a  flat  radiating  dipole  integrated  with  a  double 
tuning  balun.  This  effort  discusses  additional  pattern  measure- 
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merits  and  substrate  selection  for  this  element.  Antenna  patterns 
(inc ' "A  : ng  cross-polarization  patterns)  will  be  presented  at  several 
frequencies  over  the  operating  band  of  the  element. 

Figures  24  and  25  show  the  dipole/balun  geometry  along  with  the 
coaxial  equivalent  circuit.  In  this  circuit,  the  dipole  input  imped¬ 
ance  is  simply  represented  by  a  complex  value  Zd.  By  inspection 
of  the  circuit  of  figure  25,  the  input  impedance  Zin  can  be  expressed 
as  [12] s 

Zin  *  -j  Za  cot(0a)  +  j  Zd  Zab  tan(6ab)  (lb) 

Zd  +  Zab  tan(Oab) 

whpre  Za.  6a.  Zab  and  0ab  are  the  characteristic  impedance  and 
electrical  length  of  the  microstrip  and  coupled  microstrip  lines 
respectively.  By  judicious  selection  of  the  parameters  9a  and 
Gab  (<.e.  the  open  end  length  and  slot  selection)  in  eqn.(16), 
one  can  achieve  an  impedance  match  over  approximately  a  40%  bandwidth. 
5.2  SUBSTRATE  SELECTION 

Selecting  a  suitable  subscrate  is  a  c. itieai  step  in  the  dipole/ 
balun  design.  Once  a  substrate  is  selected,  the  designer  has  very 
little  freedom  to  vary  microstrip  and  coupled  microstrip  line  widths. 
In  the  balun  structure,  the  coupled  microstripline  acts  as  a  ground 
plane  to  the  ml crostr Ipline  (see  figure  2A) .  Note  in  this  figure 
that  virtually  all  of  the  fields  beneath  the  microstrip line  of 
width  W  are  contained  within  3W  [11].  Therefore,  the  width  of  the 
coupled  micros tripll tie  must  bo  greater  than  3W.  Since  there  are 
two  coupled  lines,  the  dimension  A  (figure  2b)  i  mi  ho  greater 
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than  6W.  This  transverse  dimension  B  is  now  a  major  limitation 
to  both  the  upper  value  of  Zac  and  to  the  maximum  frequency  for 
which  a  dipole  can  be  fabricated  uii  a  particular  substrate.  For 
example,  the  dipole  length  L  is  approximately  .A3  A0  or  .42" 
at  12  GHz.  Clearly,  this  dipole  could  not  be  put  on  a  substrate 
that  yields  a  dimension  B  equal  to  .6",  because  the  two  coupled 
microstriplines  would  be  wider  than  the  dipole.  In  order  to  keep 
all  dipole/balun  dimensions  in  porportion,  it  is  suggested  that 
.4L  <  B  <  .5L.  Finally,  a  substrate  should  be  selected  such  that 
H/Ag  <  .1  to  insure  that  the  equations  used  in  determining  Za, 

0a,  Zab  and  9ab  will  yield  accurate  results. 

Five  dipoles  were  designed,  fabricated  and  tested.  The  dipoles 
range  in  frequency  from  2-18  GHz.  Three  different  substrates  were 
used  to  cover  this  frequency  range.  The  2,  4  and  4.3  GHz  dipoles 
were  fabricated  on  1/16"  thick  PTFE  substrate  with  an  cr  of  2.54. 

A  15  GHz  dipole  was  fabricated  on  .02"  PTFE  with  er  =  2.2  and  a 
6  GHz  dipole  /as  fabricated  on  1  /16"  •  •poxy^  =  4.4.  To  keen 
this  portion  of  the  report  short,  only  the  results  of  the  4  GHz 
dipole  will  be  presented.  However,  these  results  ate  typical  of 
the  other  four  dipoles  that  were  tested. 

5.3  ANTENNA  PATTERNS 

Figure  27  shows  the  4  GHz  dipole  mounted  A0/4  above  a  '.  6"xl6" 
aluminum  ground  plane.  Tt  was  noted  while  taking  patterns  that  there 
should  be  good  electrica'  contact  between  the  aluminum  ground  piano 
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Figure  25.  Coaxial  *,quival  nt  Circuit 
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and  the  substrate's  ground  plane.  Patterns  will  be  moderately 


degraded  if  this  precaution  is  not  adhered  to-  Also,  a  metal  housing 
was  used  to  enclose  hardware  lcc<-  ted  behind  the  aluminum  ground 
piano.  This  eliminated  any  contributions  to  the  antenna  pattern 
from  spurious  radiation  emitted  by  the  feed  line  and  coax-to- 
microstrip  transition-  Patterns  were  first  taken  of  the  4  GHz 
dipole  at  the  upper  and  lower  end  of  the  operating  hand  to 
determine  any  frequency  dependence  of  the  patterns.  The  results 
are  shown  In  figures  28  and  29.  In  comparing  these  figures  note 
that  the  E- plane  patterns  became  slightly  broader  as  frequency  If 
tnoreas.  i  from  3.6  to  5. Pi  GHz,  especially  when  the  antenna  Is 
rotated  lore  than  40  deg  ees  from  broadside.  The  oly  explanation 
for  this  seems  to  be  that  radiation  from  the  d f ; ole/u.ilun  config¬ 
uration  is  more  complicated  than  just  that  of  the  dipole  itself. 

From  the  patterns  taken,  it  was  felt  that  radia. ion  from  the  open- 
ended  microstripline  accounts  for  a  good  portion  of  the  change 
in  dipole  patterns  with  frequency. 

3.4  CR0SS-P0I. ART ZATION  PATTERNS 

Cross  polarization  patterns  were  taken  next;  the  results 
are  shown  in  figure  30.  The  trend  here  was  two  small  lobes 
approximately  20  riB  down  occuring  at  ±70  degrees  from  broadside 
In  the  H-pl.me  and  a  single  'lobe  aproxlmately  15-20  dB  down  occuring 
near  broadside  In  the  E-plane.  All  dipoles  tested  exhibited  similar 
crosp-oolarizar  Ion  p-itlt  ns- 
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CONCLUSION 


Six  different  type3  of  antennas  were  designed,  fabricated 
and  tested  in  this  paper.  Five  of  these  were  successful  from 
an  operational  standpoint  with  only  the  inset  feed  diagonal  slot 
CP  patch  failing  to  maki  the  grade.  The  segmentation  transmission 
line  model  was  very  accurate  in  predicting  the  resonant  frequency 
of  both  the  stagger  tuned  and  circular  patches.  The  orthogonal 
inset  feeds  of  both  the  dual  polarized  and  CP  hybrid  patches  caused 
these  patches  to  resonate  lower  than  the  model  frequency.  However, 
the  amount  that  they  resonated  low  stayed  fairly  constant  since 
the  design  input  impedance  was  the  same  for  all  patches.  This  means 
rear  design  curves  can  be  generated  Crum  the  data  which  reduces  the 
number  of  Iterations  required  to  build  a  future  patch  for  a  specific 
frequency  and  substrate.  This  is  important  since  these  patches  would 
be  very  difficult  and  time  consuming  to  model  using  more  precise  models 
The  amount  that  the  patches  resonate  low  is  a  function  of  Inset  depth 
and  therefore  input  impedance.  Hence,  the  isolated  corner  problem 
of  the  higher  frequency  patches  can  be  avoided  by  scaling  the  input 
impedance  as  the  frequency  is  scaled  up. 

Additional  information  was  presented  on  the  Rees  and  Edwards 
printed  circuit  dipole.  Antenna  patterns  show  slight  frequency 
dependance.  Simj  Le,  easy-to-use  design  equations  were  presented 
that  lend  themselves  nicely  to  computer-aided  design.  This  element 
has  many  applications  as  a  broad-band,  low  cost  and  lightweight  antenna 
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ABSTRACT:  The  characteristics  of  a  helical  geometry  consisting  of  a  tape  helix 
separated  from  a  concentric  conducting  core  by  a  dielectric  substrate  are 
investigated.  Assuming  an  infinitely  long  structure  and  an  e~iPz  dependence  in  all 
field  components,  the  axial  propagation  constant  p  can  be  found  as  a  complex  root 
of  the  determinantal  equation  describing  the  boundary  vanje  problem.  The  k-p 
diagram  of  the  helix  provit  s  information  regarding  the  real-valued  solutions  for  |J 
that  represent  true  axial  propagation,  as  well  as  the  complex  valued  solutions  that 
represent  surface  waves  and  ieaky  waves.  Under  the  assrnption  trial  dnese  same 
solutions  exist  on  a  finite-length  structure,  the  current  distribution  and  radiation 
pattern  corresponding  to  a  given  p  are  obtained.  The  relationship  between  the 
complex-valued  propagation  constant  and  the  resulting  radiation  characteristics  will 
be  discussed. 


i  INTRODUCTION 

Helical  antennas  have  been  widely  used  is  broadband,  juactica!  radiating 
elements.  Kraus  discusses  the  s<>  culled  norma1  and  axial  modes  of  op- -ration  1 1 1. 
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Although  it  is  difficult  to  rigorously  analyze  wire  helical  structures,  the  propagation 
characteristics  of  infinitely  long  tape  and  sheath  helices  (Figure  1)  were  studied 
during  the  19d0's  by  Sensiper  [2],  Watkins  [3],  and  Hayes  [4],  Assuming  an  e_Jp/ 
dependence  in  the  field  components,  these  models  were  used  to  generate  the  k-[3 
diagram  depicting  the  dispersion  characteristics  of  the  structure.  In  the.  1960’s,  the 
existence  of  complex-valued  solutions  for  [3  were  discussed  by  Mittra  [5]  and 
Klock  [6],  who  showed  that  helices  support  surface  and  leaky  waves  in  addition  to 
bound  waves  representing  unattenuated  axial  propagation.  The  complex-valued 
solutions  for  (3  were  subsequently  used  to  study  the  leaky-wave  radiation 
characteristics  of  helical  antennas  [7-9]. 

The  work  described  above  was  limited  to  helices  in  free  space,  although  the 
sheath  helix  with  a  concentric  conducting  core  is  discussed  by  Neureuther,  Klock 
and  Mittra  [7].  They  considered  the  case  where  the  substrate  medium  is  identical  to 
the  external  medium.  Gliici  helical  structures  have  been  investigated  by  Ivanov  and 
Ganchev,  who  considered  a  ferrite-loaded  sheath  helix  with  a  concentric  conducting 
core  [10],  and  by  Basu,  Pal,  Singh,  and  Vaidya,  who  c,  tsidered  a  sheath  helix 
with  a  concentric  dielei  trie  support  [11], 

In  the  present  paper  we  consider  a  tape  helix  separated  from  a  concentric 
conducting  core  by  a  dielectric  substrate  (Figure  2).  In  order  to  study  the  effect  of 
the  substrate  and  conducting  core  on  the  radiation  characteristics  of  the  helix,  the  k- 
[3  diagram  is  generated  from  the  solution  of  the  determinantal  equation  derived  in 
Section  2.  Section  3  describes  the  interpretation  of  the  complex-valued  propagation 
constants  [3  by  considering  the  fields  in  terms  of  a  superposition  of  Fourier 


harmonics.  Although  the  helix  is  basically  a  slow-wave  device,  and  most  of  the 
harmonics  represent  non-radiating  surface  waves,  typically  one  of  the  ’Turner 
harmonics  excites  a  radiating  ieaky  wave.  Expressions  for  the  radiated  fields  are 
developed  in  Section  4.  Numerical  results  are  presented  in  Section  5  to  illustrate  die 
dependence  of  the  k  [3  diagram  and  the  radiation  pattern  on  substrate  permittivity 
and  core  siz.e. 


Ficmre  1 

(J 


.Sheath  and  tane  models  for  the  helix.  The  sheath  model  consists  of 

A 

an  anisotropic  conductor,  so  that  current  flow  is  re  -.tricted  to  the 
desired  direction  as  defined  by  the  pitch  angle  y.  a)  Sheath  helix, 
b)  Tape  helix. 


Figure  2. 


Helix  with  concentric  conducting  core. 
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2.  DETERMINANT AL  EQUATION  FOR  THE  TAPE  HELIX 


Consider  a  tape  helix  having  a  concentric  conducting  core  such  as  depicted 
in  Figure  2.  The  tape  helix  is  located  at  p=a  in  a  cylindrical  coordinate  system  and 
the  surface  of  the  conducting  core  is  located  at  p=b.  A  substrate  material  different 
from  free  space  exists  between  the  helix  and  the  core  (b<p<a).  The  tape  width 
along  i  is  denoted  8,  and  one  period  along  z  is  known  as  the  pitch  p  (Figure  lb). 
The  centerline  of  the  tape  is  defined  by 


x  =  a  cos  <J> 


0) 


y  =  a  sin  <J> 


(2) 


_P_ 

2tz 


/i» 


v 


(3) 


Note  that  the  tape  helix  is  periodic  in  both  <J>  and  z.  This  suggests  that  the 
fields  in  the  vicinity  of  the  helix  can  be  expanded  in  a  Fourier  series.  However,  a 
translation  along  z  followed  by  a  rotation  in  <J>  maps  the  structure  onto  itself.  To 
account  for  this  symmetry,  it  is  convenient  to  introduce  the  variable  where 


r  — 


■ 


(4) 


The  location  of  the  tape  as  a  function  of  the  variable  £  is 


5  8 

“  2  <  ^  <  2  tape/ 


8  r  8 
~  <  C  <  i  -  T  (gap) 


Note  that  the  geometry  s  also  periodic  ir» 


(5) 


(6) 


ion 


We  seek  a  solution  having  z-dependence  e  iP7.  In  a  homogeneous,  source- 
free  region  of  space  containing  /-components  of  electric  and  magnetic  fields  of  the 
form 


Ez(p,4>)  e  ~jP/ 


Hz(p,0)  e  jP? 


the  remaining  field  components  are  given  by 
F  ~jP  1  3E*  jcofi 

0  "  k2_p2P  80  k2_p2  8p 

-jcoe  9EZ  -j|3  1  dHz 

'  k2-p2  5P  +  k2-p2  P  30 

-jfl  3E/.  -jfajp  1  ^HZ 

P~  k2_p2  8p  +  R2_p2  p  8(f) 

H  jcoe  1  aFv.  ,  -jP  dH /■ 

?  k2-p2  P  3<>  k2-P“  3P 


In  the  region  b<p<a,  the  fields  can  be  expressed  as 


Ilr 

!An  I„(xmp)+  B.  Kn(tCI1p)i  e"jn  p  ^ 


..  jP' 


^!CnI7t,t;p)  +  DnKIl(t,I,p)|  e  jn  ?  ’ 


e 


(13) 


(14) 


l(n> 
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E,h  = 


TP—oo 


-^■{A„In(Tcnp)  +  B„K„(xc„p)} 

L  ^cnP 


-J£OU„ 

+  “7-1  tQ,  V(TcnP)  +  DnKn'Ct^p)} 


e-»f  H 


(15) 


I  ^ 

h*HL 

l  n=~°° 


J0)£c 


{An  In'(tcnp)  +  BnKn'(tcnp)} 


~Pnn 

^cnP 


{Cn  I„(xcnp)  +  DnKn(tcnp)} 


2 n  „ 

e  p  t  e 


(16) 


Pn  =  P  +  n- 
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4i=Pn-kVr 


(17) 

(18) 


pr  and  er  are  the  relative  permeability  and  permittivity  of  the  substrate,  and  In  and 
Kn  represent  modified  Bessel  functions.  In  the  region  p>a,  the  fields  have  the  form 


“n  ^(xo|!p)  e^T4 


LrjP* 


(19) 


H,  =  j  If,K.(W)  k*' 


(20) 


mi 


7 


E0  = 


oo 

■I 

Pn11  T'  -tr  (  \  .r  x 

,  ‘  En  Kn(xonp)  +  -  Fn  Kn  (xonp) 

2n  „ 

e^'V13 

.  n=-°<> 

L  CiP  on  J 

-jP/ 


(21) 


jcoen  -Bnn 

—  En  Kn'Clonp)  +  — - Fn  Kn(xonp) 

<nP 


e~jVH  e^7 


(22) 


where 


(23) 


To  construct  a  dispersion  relationship  in  the  form  of  a  determinantal 
equation  for  R,  we  first  assume  a  form  for  the  current  density  on  the  tape  and  solve 
for  the  field  coefficients  appearing  in  the  above  expression  in  terms  of  the  current 
coefficients.  Components  of  current  parallel  and  perpendicular  to  the  direction  of 
the  tape  can  be  defined  in  terms  of  the  pitch  angle  y  (Figure  1)  to  produce 

J±  “  J/.  cos  V  ~  Jq  sin  y 

J,i  =  J7  sin  y  +  cos  y  (25) 


Previous  studies  (2-3,5-61  have  assumed  a  constant  ransverse  dependence  for  the 
current  density,  i.e.. 


J_l  =  () 


Je 


otherwise 


(26) 


(21) 


The  Parallel  component  can  lx.-  expo  sed  in  terms  of  a  Fourier  ex  pansion  as 


HI 


8 


l  IV=~oo 


(28) 


where 


and  [in  is  defined  in  Equation  (17). 

The  tangential  electric  and  magnetic  fields  must  satisfy  the  boundary 
conditions 


Ez(p=b)  =  0 

(30) 

E0(p=b)  =  O 

(31) 

Ez(p=a~)  =  Ez(p=a+) 

(32) 

E0(p=a  )  =  E0(p=a+) 

(33) 

Hz(p=a+)  -  Hz(p=al  =  -J0  -  —  J||  cos  \j/ 

(34) 

H0(p=a+)  -  H0(p=a~)  =  Jz  =  J|(  sin 

(35) 

Enforcing  these  conditions  produces  the  system 
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■  lb 

Kb 

0 

0 

0 

0  ‘ 

'An‘ 

0 

0 

0 

V 

Kb 

0 

0 

Bn 

0 

I 

K 

0 

0 

-K0 

0 

0, 

0 

-fj 

-fiK 

-f2r 

-f2K' 

f3Kc 

W 

Dn 

0 

0 

0 

-i 

-K 

0 

K0 

En 

-JnCOS\jf 

~f5K' 

f,i 

fiK 

ffiKo' 

~f3Ko. 

_F„_ 

Jnsin\4/ 

(36) 


where 

I  —  Ir(xcna) 


K  =  Kn(xtna) 


T 

‘h 


-1  (r  Vi3 
'n'  vcn1' 


K^K^b) 


K0  =  Kn(xona) 
r  nPn 


f2  - 


f,  = 


"Pn 


tona 


jn>H» 


(37) 

(38) 

I  SW) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 
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f<  = 


J“£o 


(46) 


(47) 


and  primes  denote  differentiation  with  respect  to  the  arguments  of  the  modified 
Bessel  functions.  For  each  pertinent  value  of  n,  Equation  (36)  can  be  solved  for  the 
six  unknown  coefficients  in  terms  of  Jn.  To  find  the  complex-valued  propagation 
constant  (i,  we  enforce  the  additional  condition  that  the  E-field  component  parallel 
to  the  tape  vanishes  in  the  center  of  the  tape,  i.e.,  at  £=0.  This  produces  the 
determinantal  equation 


ZA 

n=— <** 


cot  VJ/  i2f4K0  w'4  u6K0'\V1  +  f5K0\V,) 


+  (l-flCotV| if  K0Wlf4K0/W2 


+  0  ot\j/)2  K0W  !f2K()W4 

j 

(f4K0'W2  +  f2K0W4)  (f6K0'W , 


+  f5K0W3)  +  (f3  -  fj)2K0K0WjW2 


(48) 


where 


w  t  =  (KbI  -  IbK) 


(49) 


W2  =  (Kb'I-I,;K) 


(60) 


W  x  —  (K'It,  -  I'K,,) 


(61) 
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and 


W4  =  (KV  -  I'KfcO  (52) 

For  a  given  value  of  k,  Equation  (48)  can  be  solved  numerically  for  the  complex  - 
valued  propagation  constant  p. 

In  the  special  case  where  the  interior  medium  is  identical  to  the  exterior 
medium,  i.e.,  f i — f3,  f2=fa>  fs=f6.  ar*d  Kq=K,  the  determinantal  equation  simplifies 
to 


oo 

o=y~^ 

Kb'  Kb 


~k2a2cot2y  KbK'  (K'  Ib'  -  1'  Kb') 


npncoty 


~xnal  K 


b'  K  (Kb  I  -  lb  K) 


(53) 


Equation  (53)  describes  the  dispersion  characteristics  of  a  tape  helix  separated  from 
a  concentric  conducting  core  by  free  space.  In  both  Equations  (481  and  (53),  the 
current  density  is  assumed  to  be  constant  in  the  direction  perpendicular  to  the  helix 
pitch  angle  \\f.  The  coefficients  Jn  can  be  modified  to  model  a  more  accurate 
distribution  if  desired.  We  have  been  unable  to  find  Equation  (53)  previously 
reported  in  the  literature.  However,  in  the  limiting  case  as  the  radius  b  of  the  inner 
conductor  vanishes,  this  equation  simplifies  to 


0  = 


k2a2cot2\y  K'  I  + 


npntvty 


-  T^i  K  i 


(54) 


which  is  the  determinantal  equation  for  the  tape  helix  derived  by  Sensiper  [2|  and 
Klock  [61. 


3.  INTERPRETATION  OF  THE  K-p  DIAGRAM  FOR  THE  TAPE  HELIX 


Figure  3  shows  a  k-p  diagram  depicting  the  real  part  of  p  for  a  tape  helix 
without  a  core  or  substrate  |6],  Straight  lines  appearing  in  the  figure  represent 
asymptotes  for  the  case  of  vanishing  tape  width  5.  Points  along  the  asymptote 
kp-fipsiny/ represent  axial  propagation,  and  account  for  tne  geometrical  slowing  of 
the  wave  due  to  currents  flowing  in  the  direction  of  the  helix.  Near  the  intersection 
of  this  asymptote  with  the  asymptote  kp=-j3p+2K>  the  curve  labelled  "Mode  1" 
deviates  away  from  axial  propagation  and  into  the  radiation  region  cf  the  diagram. 
Solutions  for  p  along  this  curve  are  complex  valued.  Since  P>k,  these  solutions 
represent  slow  waves. 


?7t 


Figure  3.  Real  part  of  the  k-P  diagram  for  a  tape  helix  with  and 

(S/2a)eot\j/  0. 1  |b|. 


llti 


Although  "Mode  1"  is  fundamentally  a  slow  wave,  because  of  the 
periodicity  of  the  helix  each  term  in  the  Fourier  expansion  of  the  fields  acts  as  an 
independent  harmonic  with  its  own  radiating  or  nonradiating  character.  By  direct 
substitution,  the  functional  dependence  of  the  n-th  harmonic  can  be  written  as 


ejnP 


TT  =  c"jnVJP"/ 


(55) 


where  J3n  is  defined  in  Equation  (17).  Consider  a  point  along  the  "Mode  1"  curve 
where  (i=2tr/p.  Although  the  n=0  harmonic  is  a  slow  wave  with  Po=2;rt/p,  the  n=- 1 
harmonic  has  phase  constant  p_is()  which  is  located  in  the  fast  wave  region  of  the 
k-B  diagram.  In  this  case,  the  n=-l  harmonic  is  likely  to  excite  a  leaky  wave.  For 
the  curve  labelled  "Mode  2,"  the  n=-2  harmonic  is  such  that  P-2  is  located  in  the  fast 
wave  region  of  the  k-P  diagram. 


4.  RADIATED  FIELDS  OF  FiNITE-l.ENGTH  TAPE  HELIX 


Assuming  that  the  fields  have  the  form  e'-iP/,  the  radiation,  pattern  may  be 
computed  once  the  phase  constant  p  is  found  from  the  dispersion  relationship 
embodied  in  the  determinantal  equation.  A  finite  length  helix  located  along  the  /.- 
axis  with  exactly  N  complete  turns  occupies  the  interval 


p  (2N— l)  p 

2  <z<“ - 


(56) 


The  presence  of  the  conducting  core  and  dielectric  substrate  complicate  the 
calculation  of  far  fields.  However,  given  p.  the  near  Fields  can  be  obtained  from 
the  expansions  of  Section  2.  The  far  fields  can  be  computed,  froi  .  equivalent 
sources  located  on  the  surface  of  the  mathematical  cylinder  p-a,  and  defined  in 
terms  of  the  near  fields.  Neglecting  radiation  from  the  end-caps  of  the  finite 
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mathematical  cylinder,  and  assuming  that  only  the  harmonics  between  n 
n=M  are  significant,  these  equivalent  sources  have  the  form 

=-M  and 

M 

K^.z)  =  E7(a,0,z)  --  ^  E/n  e“^n/  e~jn° 

n~-  M 

(57) 

A 

M 

Jd)(0,z)  -  -  H,(a,0,z)  -  -  ^  .  H/n  e  Jpn/  e“jnCl 

n=-M 

(58) 

M 

K7(<J),z)  =  Eo(a.0,z)  =  F-i,n  e_jPn/  e  ’n° 

n--M 

(59) 

«  t 

IV 1 

J7(0,z)  =  -  H*(  a,<M)  =  -  Y  e-jp"7  e~jn0 

n~-M 

(60) 

j 

and  are  truncated  in  z  according  to  Equation  (56).  The  coefficients  are  apparent 
from  the  field  expansions  from  Section  2,  i.e.,  Ezn=EnKn(x0na),  etc.  The  fields 
produced  by  these  equivalent  sources  may  be  found  in  the  usual  manner  from  the 
magnetic  and  electric  vector  otentials  [12] 

a  m  -jkR 

A(.r ,0,0)  =  j  J  .1(0  ,z  )  ad0  dz 

(61) 

r  r  -  e_jkR 

F(r,9,0)  -  j  J  K(0',z')  —  ad0'dz' 

(62) 

■A 

where  the  integration  is  over  the 'surface  of  the  cylinder  with  p=a.  For  fir-field 
calculations. 

1 
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R  =  r  -  a  sin0  cos(0-<|)')  -  z'  •  os0 


(63) 


Aftsr  substituting  the  preceding  expansions  into  Equations  (61)  and  (62), 
v.e  arrive  at  the  expressions 


:  /  n  ,  x  eJ  -rv (N-i)  sin(Ny) 
A(r,0,0)  =  — — e  Jr  p7ta  -  — 
4jtr  F  sin(y) 

M 


X  ~f~  ^  J|  z  Hon  2Jn(ka  sin0) 

„  Sn  ^ 


n--M 


+  p  H/n  UR_,(ka  sin0)  +  Jn+,(ka  sin0)] 


and 


+  j  (J)  Hzn  |Jn._,(ka  sin0)  -  Jn+;(ka  sin0)] 


(64) 


a  e  Jkr  -jY(N-i)  sin(Ny) 
P(r,0,(J>)  -  e  Jr  pjta - — 


M 


I 


n=~M 


sin(y) 

:  Sin^n)  .n  ,„*/  “ 

- j  e  |  E0n  2Jn(ka  sin0) 


O  F  ll  ♦  .  (V  q  cinA^  1 

r  '“/.n  - ~ - -  •  ** n+ 1  -•***'" » 

j  0  E/n  [J„_|(ka  sin0)  -  Jn+1(ka  sir.0)|| 


(65) 


where 


Y  =  -j  ((3  -  k  cos0) 


(66) 


=--  V  (|V.  -  k  cosO) 


(67) 
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and  Jn  now  denotes  the  Bessel  function  of  the  fu  st  kind. 

In  general,  the  helix  will  radiate  an  elliptically  polarized  wave.  'Tie  far  zone 
electric  field  components  are  proportional  to 


E0(e,<t>) « 


e-jy(N-l) 


sin(Ny)  Y  sin(5n>  j„o 
sin(y)  In  J 

n-  -M 


|  -r\  sin0  H0n  2Jn(ka  sin0)  +  T\  cos0  H/n  lJn^j(ka  sin0) 

+  ln+1(ka  sin0)]  +  j  5^  [J  i(ka  si..0)  -  Jn+1(ka  sin0)ll 

J  (68) 


auu 


E0(e,4»)  - 

r 


e-jy(N  -1' 


sin(Ny)  y  sin^n)  .n  JnO 
sin(y)  In  j 

n=-M 


|  -sin0  2Jn(ka  sin0)  +  cos9  E„,  [Jn_j(ka  sin0) 
i  Jn+](ka  sin9)l  f  jriH7J1|Jn_1(ka  sin0)-Jn+1(ka  sin0)]| 


(69) 


Note  the  presence  of  an  array  factor  due  to  the  N-tum  helix  in  the  form 
sin(Ny) 

sirt(y)  (70) 


where  y  is  complex-valued  am1  defined  in  Equation  (66).  Because  Re([))>k,  the 
main  lobe  of  Equation  (70)  is  iot  U>  ated  in  the  visible,  region.  The  contribution 
from  each  harmonic  contains  the  term 


(71) 


l/u 
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where  L,n  is  defined  in  liquation  (67).  leased  on  the  discussion  from  Section  3,  we 
might  expect  that  the  harmonic  exciting  the  leaky  wave  will  be  the  main  contributor 
to  the  far  fields.  Thus,  it  may  be  possible  to  approximate  the  far-fteld  pattern  using 
only  that  harmonic  in  Equations  (68)  and  (69).  A  simple  approximation  to  the 
pattern  may  be  obtrined  by  the  product  of  Equations  (70)  and  (71). 


5.  NUMERICAL  RESULTS  AND  DISCUSSION 

A  computer  program  was  created  to  solve  Equation  (48)  for  the  values  of  {3 
corresponding  to  a  given  k.  This  task  involved  finding  zeros  of  a  fairly  complicated 
function  in  the  complex  plane,  but  was  simplified  somewhat  because  the  solutions 
initially  follow  the  asymptotes  as  suggested  by  Figure  3.  Starting  from  these 
solutions,  it  is  possible  to  increment  k  by  small  amounts  in  order  to  track  B  as  the 
curve  deviates  from  the  line  kp-ppsinyr.  Figure  4  shows  the  k-(3  diagram  obtained 
for  a  tape  helix  separated  from  a  conducting  core  by  free  space,  with  b/a=0.8  and 
several  pitch  angles.  As  the  solutions  for  (3  deviate  from  the  line  kp^ppsiny,  (3 
becomes  complex  valued.  However,  Figure  4b  illustrates  that  at  some  larger  value 
of  k,  the  solutions  again  become  real  valued.  We  only  expect  complex-valued 
solutions  in  this  region  of  the  k-  (3  diagram,  and  these  re  1-valued  solutions  are  a 
spurious  result  caused  by  the  numerical  algorithm  used  to  track  [3.  In  actuality,  the 
algorithm  employed  for  these  pieiiminury  results  seeks  a  minimum  of  the  right-hand 
side  of  Equation  (48)  rather  than  a  true  zero.  We  believe  that  the  true  curve  stops  at 
the  point  where  (3  becomes  real-valued,  as  suggested  by  some  of  the  results  of 
Kiock  [6]. 

Figure  5  shows  a  similar  k-[3  diagram  to  illustrate  the  effect  of  differing  core 
size.  In  common  with  Figure  4,  die  solutions  deviate  from  the  initial  asymptote  and 
become  complex  valued.  They  also  subsequently  become  real-valued  as  k 
increases,  suggesting  that  they  r.o  longer  represent  solutions  of  the  determinantal 
equation  and  are  a  spurious  result  of  the  numerical  algorithm.  Figure  6  shows  the 
effect  of  different  substrate  materials  on  the  k-p  diagram. 
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k-p  diagram  for  a  helix  with  \|/=10°  and  }ir=er-l.  for  several  core 
sizes,  a)  Re(fi)  versus  k  b)  Im(fi)  versus  k 


BETA-K  PLOT  FOR  INFINITE  TAPE  HELIX 


< 

* 


Er-(1. 2.5.5) 


RADIUS- 10m 
CORC-O.Bm 
d/P-1  OE-S 
PITCH-10  DEGREES 


RADIUS-1  Om 
CORE-O.8m 
d;P-lOE-5 
PITCH-10  DEGREES 


■o>-  1 
25 
-o-  5 


Figure  6. 


k-fi  diagram  for  a  helix  with  Vj/~10°  and  b/a==0.8,  as  a  function  of 
substrate  permittivity,  a)  Rc([i)  versus  k  b)  Im([i)  versus  k 
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Figure  7  shows  power  radiation  patterns  of  a  finite-length  10-tum  helix  with 
b/a~0.8  as  a  function  of  frequency.  For  ka=0.8,  radiation  >s  concentrated  in  the 
backward  direction  (Figure  7a).  As  frequency  increases,  the  beam  shifts  to 
broadside  (Figures  7d-g).  To  generate  these  patterns.  Equations  (68)  and  (69)  were 
employed  with  M=3.  Numerical  experimentation  revealed,  however,  that  only  the 
n=-l  harmonic  contributes  significantly  to  the  patterns.  Figure  8  shows  the 
radiation  patterns  corresponding  to  two  different  pitch  angles.  Figure  9  shows 
similar  patterns  corresponding  to  different  substrate  materials.  Although  we  have 
not  verified  these  patterns  experimentally,  they  agree  qualitatively  with  Ad  ims' 
results  for  a  quadrifilar  helix  [8]. 
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RADIATION  PATTERN  FOR  TAPE  HELIX 
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RADIATION  PATTERN  FOR  TAPE  HELIX 
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RADIATION  PATTERN  FOR  A  FINITE  TAPE  HELIX 
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RADIATION  PATTERN  FOR  A  FINITE  TAPE  HELIX 
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6.  CONCLUSIONS 

The  determinantal  '0"  at  ion  has  been  derived  for  an  infinite  tape  helix 
separated  from  a  concentric  conducting  core  by  a  dielectric  substrate.  This  equation 
can  be  solved  to  produce  the  k-  (3  diagram  describing  propagation  along  the  helix. 
Solutions  for  the  complex-valued  propagation  constant  (3  provide  information  about 
the  excitation  of  leaky  waves,  and  have  been  studied  for  several  helical  geometries. 
In  addition,  the  radiation  patterns  of  several  finite-length  helical  structures  have 
been  estimated  assuming  the  form  of  the  fields  along  the  helix. 
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A  unique  euxSiitecture  for  an  active  aperture  array  with  monopulse 
capability  is  described  in  this  paper.  The  traditional  approach  requires  three 
hftarafoi-aing  networks:  uniform  transmit,  receive  ultra-low  sidelobc  sum,  and 
receive  ultra-low  sidalobe  difference.  This  architecture  exploits  the 
potential  inherent,  in  tie  next  generation  MMIC  T,TR  module  to:  reduce  the 
required  beamforraers  fra  three  to  two,  sinjultiirwously  error  correct  the 
receive  mcnupuisa  beams,  and  to  simplify  the  beaaformers.  A  itCM.se  figure 
analysis  of  this  techniques  will  be  presented  which  ccnparcs  the  noiise  figure  of 
this  new  archit/?c:ture  to  that  of  a  rxxTvexticm.1.  single  teas'  active  array. 
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The  next  generation  of  airborne  survelllanoe  arrays  is  foreseen  to  have 
T/R  modules,  radiators,  and  beam  formers  ffmhedrierl  into  the  oorrtoured  skin  of 
tbs  aircraft,  with  rf ,  logic,  and  power  distributed  in  ccnpact  flush  networks. 
The  sophistication  of  the  T/R  modules  is  steadily  increasing  as  microprocessors 
and  MKICs  rapidly  decrease  in  size.  The  limiting  opponents  are,  or  soon  will 
be,  the  radiators,  networks,  and  perhaps  the  circulators,  which  have 
fundamental  physical  size  and  shape  requirements  for  good  electrical 
performance.  These  conflict  with  the  physical  constraints  of  the  embedded, 
conformal  configuration.  The  objective  of  the  study  an  which  this  paper  is 
based  has  been  to  exploit  the  potential  of  the  new  generation  of  T/R  modules  to 
overcame  these  limitations.  This  has  been  done  at  length,  resulting  .in  a  new 
beam  former  architecture.  It  was  assumed  that  the  system  requirements  are  such 
that  3  beamfqrming  networks  are  required  in  the  elevation  plane:  uniform 
amplitude  on  transmit,  low  sidelobe  sum  beam  and  difference  beams  on  receive. 

A  new  architecture  has  been  conceived  which  reduces  the  number  of  beamformers 
tram  three  to  two,  simplifies  the  construction  of  ttyase  networks,  and  allows 
simultaneous  error  correction  for  both  sum  and  difference  which  relaxes  the 
network  manufacturing  precisian. 


2.0  Aidiiteszfigs-Sgiaswigp 

Most  architectures  for  airborne  surveillance  arrays  depend  on  beam 
manipulation  in  azimuth  to  eliminate  jamming,  which  is  concentrated  near  the 
horizon.  Consequently,  the  azimuth  networks  are  ocuplex  and  the  hardware  is 
minimized  by  collecting  first  in  many  columns  rather  than  in  many  rows.  Thus 
the  many  column  beamformers  make  up  the  bulk  of  the  r.f.  canbining  network,  arid 
simplification  of  that  architecture  has  the  highest  priority.  It  is  assumed 
that  independent  transmit  and  receive  signals  are  involved,  and  that  mcnopulse 
is  necessity,  it  would  appear  that  3  independent  combiners  are  necessary,  with 
independent  errors  to  be  ocrpeno  ted.  Closer  examination  shows  that  with  the 
flexibility  of  a  controllable  T/R  module  ooupled  with  optimal  beam  former 
architecture  selection,  this  can  be  significantly  simplified. 
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In  this  paper  four  elevation  beamforming  architectures  will  be 
acopared;  the  conventional  architecture,  a  Vtestinghouse  architecture,  Poirier's 
method  of  manifold  elimination  [1] ,  and  a  fourth  aj  oach  which  combines  the 
WactinghciufiL  ardiitecture  and  Poirier's  method  of  n  fold  elimination.  It  is 
inportant  to  note  that  planar  array  distributions  wt_^  used  only  for  the 
acopariscn  of  architectures,  but  the  results  apply  equally  to  a  curved  array. 


2.1 
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:ional  Architecture 


Existing  architectures  enploy  three  beamforming  networks  in  the 
elevation  plane;  a  uniform  amplitude  beamforming  network  used  for  transmit,  a 
receive  Sum  beamfarming  network,  and  a  receive  Difference  beamforming  network 
as  shown  in  Figure  2.1-1.  On  receive,  one  can  correct  errors  within  cne  of  the 
receive  beamfarming  networks,  let  us  for  sake  of  argument  say  the  Sum  network, 
by  using  the  phase  and  amplitude  controls  within  the  T/R  modules,  tut  these 
errors  will  be  translated  into  the  receive  Difference  network  which  will 
furtlier  degrade  the  sidelabe  performance  of  this  beam.  Below  is  a  plot  of  both 
the  Sum  and  Difference  illumination  tapers  fcr  a  low  sidelctoe  set  of  manopulse 
hem  for  a  planar  array  with  64  elorents  in  the  elevation  plane,  lhe  sum 
taper  is  for  a  pattern  where  the  first  three  sidelobes  are  at  -50  OB  dc*m  frcm 
the  main  lobe  and  the  rest  fall  off  as  1/R.  The  difference  taper  is  for  a 
pattern  where  the  first  three  sidelobes  are  at  -48  dB  frcm  the  difference  main 
lobes  with  the  rest  falling  off  as  1/R. 
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[1]  "Simplified  M<IC  Active  Aperture  Feeding",  J.  Lean  P  irier,  Internal  Report 
Rome  Air  rtevalcpnent  Center,  Date  tft  Town. 
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.2  Westinahcufle  Architecture 


A  Vtastinghouse  architecture  Is  shown  in  Figure  2.2-1  which  hss  the 
potential  of  simultaneously  correcting  the  Sun  and  Difference  receive  beans. 
This  architecture  consists  of  forming  "Sum  +  j  Difference"  and  "Sum  -  j 
Difference"  baaaformers.  In  order  to  better  understand  this  architecture, 
let's  take  the  Sum  and  Difference  tapers  described  in  section  2.1  and  add  them 
in  quadrature.  Hence,  we'll  have  two  new  functions. 


A  t»  Sum  +  i-Dif  B  :«  Sum  -  j-Dif 

i  i  i  i  i  i 


These  two  new  functions  are  obviously  the  occplex  conjugate  of  each  other.  In 
terms  of  these  functions  being  implemented  within  a  microwave  distribution 
network,  the  two  networks  are  identical,  but  phys  caily  flipped  as  can  be  shewn 
in  the  plots  of  these  two  functions  below. 
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In  order  to  extract  the  original  sum  and  difference  functions,  we  need 
to  iaplanmnt  a  magic  tea  into  the  overall  beamfarming  network.  Before  we  get 
to  the  radiating  element,  we  need  to  go  through  a  -3.01  dB  Wilkinson  combiner. 
The  mathematical  formulation  of  this  network  is  shown  below. 
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It  should  be  noted  that  we  have  extracted  the  original  illumination 
functions.  For  an  active  aperture,  a  -3.01  dB  additional  return  loss  in  the 
receive  chain  should  have  a  minimal  if  not  inconsequential  impact.  Ihe  key 
features  of  this  architecture  are: 

1.  Only  one  network:  needs  to  be  developed  and  used  twioe. 

2.  Since  tbn  topology  of  the  network  is  such  that  It  is  symmetric  about 
the  canter  (with  the  amoaptian  of  the  output  phases) ,  it  is  possible 
for  us  to  compensate  for  ary  errors  within  the  manifolds  with  the 
controls  available  within  the  T/R  modules.  Ihe  output  phasing 
should  be  able  to  be  manufactured  with  great  accuracy  since  they  are 
only  lire  lengths. 

This  architecture  simplifies  the  overall  receive  beecnf oi ming  network, 
but  three  beamforming  networks  are  still  required. 


2*3  Foiriar'a  Method  o f  Manifold  Reduction  ri] 


Poirier,  in  his  paper,  described  an  architecture  (Figure  2.3-1)  which 
reduce*  the  number  cf  beamf arming  manifolds  fran  3  to  2.  This  architecture 
exploits  the  use  of  a  varix  ole  attenuator  within  the  T/R  module  to  use  the 
uniform  amplitude  transmit  network  to  perform  the  tapering  required  for  the  low 
sidelobe  receive  beam.  In  order  to  form  a  low  sidelobe  difference  beam,  a 
modified  difference  beamformer  is  used  which  when  oonbined  with  the  attenuation 
provided  by  the  T/R  modules,  forms  a  lew  sidelobe  difference  receive  beam. 

As  with  the  architecture  described  in  section  2.2,  cna  suffers  a  -3.01  dB 
receive  beamsharing  loss,  the  impact  of  which  can  be  reduced  by  the  use  of  a 
high  gain,  low  S/N  LNA  in  the  T/R  module.  However,  as  Poirier  points  out  in 
his  paper,  if  one  uses  the  T/R  modules  for  network  error  compensation  for  the 
sum  beam,  the  errors  get  translated  into  the  difference  beamformer. 

Simultaneous  beam  correction  would  not  be  possible  with  a  conventional  T/R 
module. 
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Figure  2.3-1  tuxier's  method  of  manifold  elimination 
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2.4  Qnnrn  nation  ;urhitecture 


Tha  Weetinghcuse  architecture  described  section  2.2  simplifies  the 
overall  receive  beamf arming  network,  but  three  beamf arming  networks  are  still 
required  far  an  active  aperture  system  with  receive  monopulse.  A  means  of 
reducing  the  required  networks  from  3  to  2  wxild  be  to  build  a  beamforming 
network  with  uniform  anpli  tildes,  but  with  the  phase  tapers  described  for  the 
and  B^  networks.  Since  the  amplitude  is  uniform,  one  of  these  networks 
would  be  used  for  the  transmit  function  with  the  transmit  phase  shifters  being 
used  to  collimate  the  beam  in  a  desired  direction.  On  receive,  we  would  use  a 
modification  of  the  Westinghouse  architecture  with  the  exception  that  the 
attenuators  within  the  T/R  module  wul  d  form  the  final  illumination  taper  for 
both  sum  and  difference  receive  beams.  This  new  architecture  is  shown  in 
Figure  2.4-1. 


let  us  consider  two  new  networks:  C  and  D  with  uniform  amplitudes  and 
the  phase  tapers  found  in  tha  A  and  B  networks. 
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If  we  use  a  network  for  the  above  two  dividers  ocnparable  to  the  one 
defined  for  the  A  and  B  system  of  receive  networks,  (figure  2.2-1)  we  obtain: 
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Imt  us  yH  ths  attestation  available  to  us  due  to  receive  attenuators  in 
the  T/R  modules.  Sinus  the  center  elements  have  the  peak  value  far  the  sum 
taper,  we  will  apply  zero  attenuation  to  these  parts  and  add  attenuation  to 
only  the  outlying  ports.  Hie  offset  between  these  two  functions  is: 
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The  signals  out  of  this  new  beamformer  are: 
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Lot  us  new  confute  the  losses  dua  to  forming  beams  using  this  technique. 
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Sumloss  -  -6.02  dB 


Difloss  »  -6.02  dB 


To  verify  that  mb  end  up  with  the  dssired  patterns,  a  plot  of  both  the 
final  sum  and  differanoe  illumination  tapers  formed  by  this  architecture  are 
shown  belcw. 
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It  ehould  be  noted  that  we  have  extracted  the  original  illumination 
function*  at  a  oo*t  of  -6.02  dB  receive  beaafanner  loss.  Hie  proper  design  of 
the  T/R  module  will  have  the  inpact  of  minimizing  the  isap&ct  on  the  systsn 
noise  figure.  The  key  features  of  this  new  architecture  are: 

1.  We  have  reduced  the  rusher  of  beamformers  from  three  to  two. 

2.  Only  one  network  needs  to  be  developed  and  used  twice. 

3.  Each  netvrork  has  a  uniform  anplitude  taper. 

4.  Since  the  topology  of  the  network  is  such  that  is  is  symmetric  about 
the  center  (with  the  exception  of  the  output  phases) ,  it  is  possible 
to  simultaneously  error  correct  both  receive  beams  if  the 
beamformers  are  manufactured  with  precise  output  phases. 


Hie  use  of  tapering  in  the  modules  adds  loss,  made  practical  by  the  low 
noise  amplifier  (INA)  gain.  A  ocnpariscn  was  made  of  the  noise  figure 
performance  of  a  simple  single  beam  system  to  the  one  described  in  section 
2.4.  The  definition  of  noise  figure  is  the  ratio  of  available  signal-to-i >oise 
power  at  the  antenna  input  terminals  to  the  available  signal-to- noise  power  at 
the  output  terminals  reduced  by  the  antenna  gain.  The  equivalent  circuit  used 
for  this  calculation  is  shown  in  Figure  2.5-1.  The  calculation  was  completed 
for  a  single  column  of  the  antenna.  As  is  generally  done,  the  input  terminals 
of  the  antenna  were  assumed  to  be  at  TQ  -  290  deg  K  (reduced  sky  noise 
factors  are  treated  separately)  and  bandwidth  effects  were  neglected  for  both 
configurations .  It  was  assumed  that  all  noise  sources  were  uncorrelated  and 
therefore,  the  noise  powers  are  additive .  The  mismatch  and  ohmic  losses  of  the 
antenna  element  are  represented  by  the  resistance  LI.  The  noise  input  to  each 
row  is  represented  by  Nin.  The  noise  at  the  output  of  LI  is  Na  which  equals 
Nin,  since  the  input  temperature  and  the  temperature  of  the  resistance  LI  are 
the  same.  The  signal  input  to  each  row  is  defined  as  Sin,  which  is  normalized 


to  1. 


Sin  :■=■  T 


Nin  k  T  B 
0 

Na  :«  k  T  B 
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where  B  -  bandwidth  of  the  system 
Tq"  290  deg  K 
k  -  Boltzmann's  constant 

Each  row  has  an  LNA  with  gain  G  ana  noise  figure  Fa.  Fa  is  represented 
as  a  noise  source  positioned  before  the  amplifier.  The  gain  of  the  amplifier 
includes  the  receive  phase  shifter  insertion  loss  and  the  T/R  switch.  At  the 
output  of  the  amplifier  the  noise  (Nb)  and  signed.  (Sb)  levels  in  each  row  are 
equivalent  to  those  of  the  other  rows  (NOT  EACH  OTHER) . 
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An  attenuator  in  each  row  is  represented  by  L2n,  where  n  is  the  row  number 
with  the  peak  row  having  an  attenuation  of  OdB.  These  attenuators  model  the 
formation  of  the  sum  taper  try  attenuators  in  the  receive  path  of  the  T/R  module 
and  represent  frrxn  the  output  of  th  LNA  tc  the  output  of  the  magic  tee.  The 
noise  present  at  the  output  of  the  attenuator  is  represented  by  Nc  and  the 
signal  by  Sc.  The  attenuator  reduces  the  2tva.ll able  noise  power  by  the  value  of 
its  attenuation.  The  attenuator  also  contributes  noise  power  which  is  a 
function  of  its  value.  [2] 
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P  is  the  power  of  the  row 
n 

Pp®ak  is  the  power  of  the  peak  row 


[2]  "Equivalent  Circuits  of  Noisy  batworks" ,  Leo  Young,  April,  1958,  Electronic 
t  ngineering 


At  the  output  of  the  baamfonner  the  KE  noise  acritributions  are  sunned  up 
uniformly  since  this  beamfarmer  does  not  introduce  a  taper,  and  power  wise  as 
the  noise  adds  ncnooherently  (Nd) .  The  signal  is  sunned  up  in  voltages  since 
it  adds  coherently  an  the  peak  of  the  sum  peak  (Sd) . 


The  resistance  L3  represents  the  combiner  and  circulator  ohmic  Iocs. 

The  noise  figure  of  the  renai  der  of  the  receiver  (mixer,  cable  losses,  second 
amplifier)  is  lumped  together  in  the  noise  ’igure,  Fr.  The  noise  air'  signal  at 
the  output  of  the  system  are  calculated  as  follows: 


Nout  —  TNd  +  (L3  -  1)  •  k-  T  •  Bl  +  (Fr  -  1)  •  k-  T  B 

L3  I  0  J  0 
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Since  we  assumed  that  the  Sin  =  1  and  the  Nin  =  kTQB,  the  overall 
noise  figure  is  calculated  as  follows: 
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where  Gaf  is  the  array  factor  in  the 
gain  of  the  antenna. 
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The  array  factor  in  the  gain  of  the  antenna  must  now  be  calculated. 
After  normalization  of  the  power,  this  factor  can  be  shown  to  be: 
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Substituting  the  equation  for  antenna  gain,  noise  output  and  signal 
output  into  the  equation  for  noise  figure,  we  obtain  a  reduced  equation  for 
noise  figure.  Tb  compute  noise  figures,  typical  value#  of  all  parameters  wer* 
chosen,  LI  ®  .5  dB,  G  -  20.  dB,  Fa  «  dB,  L3  ■  1.3  dB,  and  Fr  -  6.  dB.  For 
these  values,  the  new  architecture  has  a  noise  figure  of  2.85  dB. 


n  1  . .  32 


. . .  half  the  array 


NE  32 


L2 


n 


Sum 


n 


SU5* 


32 


Sum  Is  the  desired  sum  illumination  taper. 
The  center  element  must  have  a  value  of  1 
for  these  calculations. 
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Hie  noise  (Nb)  and  the  signal  (Sb)  levels  are  t  *  same  far  both  architectures 
to  the  output  of  the  LNA.  No  attenuators  are  present  in  the  conventional 
architecture.  Par  the  conventional  architecture  the  manifold  produces  the 
taper  with  each  row  having  a  power  coefficient  represented  by  The  noise 
output  of  the  conventional  architecture  is: 
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Since  the  sum  of  the  coefficients  is  equal  to  one,  this  expression  can  be 
reduced  to: 
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The  next  two  expressions  solve  for  the  signal  output  and  the  array  factor  in 
the  gain  of  the  conventional  antenna  architecture. 
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The  noise  figure  of  the  conventional  architecture  is  calculated  by  the 
foil  wing  expression: 
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For  the  typical  parameters  given  previously,  the  noise  figure  of  this 
configuration  is  2.62  dB.  In  order  to  determine  the  impact  of  amplifier  gain 
can  noise  figure,  noise  figure  was  calculated  as  a  function  of  amplifier  gain 
for  both  architectures.  The  plots  which  follow  show  that  in  order  for  the 
attenuator  architecture  to  achieve  the  2.62  dB  noise  figure  of  the  conventional 
architecture,  the  amplifier  gain  oust  increase  4  dB.  It  should  be  noted  that 
any  transmit  taper  reduces  the  attenuator  loss  rapidly. 


Let  us  compute  the  noise  figure  as  a  function  of  gain  for  the  two 
architectures. 
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Noise  figure  relationship  for 
conventional  architecture 
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Noise  figure  relationship 
for  advanced  architecture 


Amplifier  Gain  (dB) 

2.6  Summary 

Westinghouse  studied  baemforming  archit  turas  in  elevation  with 
multiple  beam  capability  and  low  sidelobe  monopulse.  The  surface  of  ’  base 
beamformers  was  assumed  to  be  planar  for  crmparative  purposes  only.  This 
methods  include;  Conventional  Method,  Poirier's  'Method  of  Manifold  Elimination 
[1],  a  Westinghouse  architecture,  and  a  conjoined  approach  of  two 
architectures.  The  conventional  approach  is  to  use  a  separate  transmit  and 
receive  manifold  for  a  total  of  3  manifolds  in  a  monopulse  system.  Poirier's 
approach  suggest  ;  by  using  one  of  the  manifolds  cn  both  receive  and  transmit 
that  the  beamforming  can  be  accomplished  in  2,  rather  than  3  networks.  He  uses 
the  T/R  module  to  generate  the  illumination  function  for  one  of  the  receive 
beanos.  However,  since  only  one  set  of  phase  and  anplitude  controllers  exist, 
errors  can  only  be  corrected  in  one  of  the  networks,  but  not  both. 

The  Westirghcuse  architecture  add ’■'esses  the  problem  of  error  correcting 
2  bearaformers  with  one  set  of  phase  and  amplitude  contr  Hers.  The 
arxhitecture  consists  of  a  magic  tee,  a  transmit  switch,  two  similar  pc*  » r 
dividers,  3.01  dB  Wilkinson  couplers  and  the  T/R  modules.  This  architecture 
adds  the  suni  and 


difference  tapers  in  quadrature  to  create  S+jD  ard  s-jD  functions  (S  and  D  are 
assumed  to  be  in  phase  quadrature) .  Since  the  amplitudes  of  the  two  functions 
are  equal  and  symmetric  about  the  center,  the  only  difference  bex  *aen  the  two 
networks  is  the  phase  front.  Both  functions  have  the  same  phase  magnitude,  but 
opposite  sign.  Therefore,  the  same  network  can  be  used  to  generate  both 
tapers,  but  one  of  the  networks  will  be  physically  flipped  abcait  the  center 
element.  Since  the  phase  taper  is  set  by  the  number  of  bends  in  the  stripline, 
it  can  be  manufactured  to  great  precision  and  will  not  be  a  significant  error 
contributor.  Therefore,  by  measuring  the  amplitude  on  the  input  to  both 
networks  randan  manufacturing  errors  can  be  averaged  and  considerably  reduced. 
These  average  numbers  can  be  stored  in  the  T/R  module  and  any  manufacturing 
errors  will  be  reduced  to  a  minimal  level  by  compensation  in  the  T/R  module. 
This  allows  for  simultaneous  carpensaticn  for  errors  in  two  networks  by  using 
the  T/R  module,  but  a  separate  uniformly  illuminated  transmit  network  would  be 
required.  In  order  to  fora  the  desired  sum  and  difference  beams,  the  outputs 
of  the  StjD  and  S-jD  networks  are  fed  into  a  magic  tee. 

The  3.01  dB  Wilkinson  divider  which  splits  the  receive  energy  between 
the  two  beamformars,  introduces  a  receive  loss  of  3.01  dB.  The  T/R  switch  in 
this  architecture  avoids  this  loss  cn  transmit  by  switching  in  the  transmit 
power  divider.  The  3.01  dB  coupler  and  T/R  switch  will  be  included  in  the  T/R 
module. 


The  fourth  approach  carbines  Poirier's  method  and  the  Westirghouse 
method.  The  key  features  of  this  approach  is  that  it  reduces  the  number  of 
manifolds  from  three  to  two  and  maintains  the  potential  of  ocmpensating  for 
errors  in.  the  receive  sum  and  difference  patterns  simultaneously.  The 
architecture  contains  the  same  ooipanents  as  the  previously  described 
Westirghouse  architecture  except  for  different  pewer  divider  characteristics. 
The  power  divide.’  a  have  a  uniform  nplituda  taper  and  the  phase  taper  of  the 
S+jD  and  S-jD  networks.  ?gain  one  network  is  the  complex  conjugate  of  the 
other  network  which  implies  that  we  need  to  develop  only  one  network  (e.g. 
S+jD) .  The  second  network  (S-jD)  will  be  flipped  about  the  center  element. 

'The  transmit  function  requires  a  uniform  taper  in  order  to  run  the  high  power 
amplifiers  in  the  T/R  modules  to  saturation.  One  of  tl>e  ne  works  can  be  used 
for  the  transmit  function  and  the  transmit  phase  shifter  wi  LI  take  out  the 
phase  shift  built  into  the  network  as  well  as  steering  the  beam.  The  receive 
operatic*  i  is  similar  to  that  cf  the  previously  described  V^^sfcinghotise 
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architecture  with  that  exception  that  the  beamfouaera  have  uniform  amplitude. 

The  S+jD  and  S-jD  networks  in  conjunction  with  the  3  dB  Wilkinson  dividers  and 
the  Magic  Tee  set  the  ratio  of  the  anplitudas  far  the  sum  and  difference 
beaus.  The  receive  attenuators  in  the  T/R  nodules  eet  the  proper  attenuation 
simultaneously  for  the  »  m  and  difference  beams.  Hanoa,  we  have  reduced  the 
number  of  bean  farmers  from  3  to  2  while  retaining  the  capability  of 
simultaneously  correcting  errors  in  both  the  sum  and  difference  beams.  The 
loss  on  receive  associated  with  this  architecture  was  found  to  be  6.02  dB.  On 
transmit,  we  encounter  a  -3.01  dB  driver  loes  due  to  the  Wilkinson  dividers. 

We  can  eliminate  this  loes  cn  transmit  by  incorporating  a  T/R  switch  before  one 
of  the  coupler  legs.  Both  the  -3.01  dB  Wilkinson  divider  and  ths  T/R  switch 
could  be  incorporated  into  the  T/R  modules. 

Noise  figure  calculations  were  done  to  ocopare  the  ooriventional 
architecture  and  the  use  of  attenuators  to  farm  a  taper  cn  receive.  A  planar 
array  distribution  was  used  far  comparative  purposes.  To  maintain  the  same 
overall  noise  figure  as  the  Cjorr^witiunal  architecture,  the  attenuator 
architectures  require  an  INA  with  an  additional  4.0  dB  of  gain.  However,  in 
order  to  avoid  driving  the  end  elements  into  the  noise  floor,  an  additional  10 
dB  of  gain  is  suggested. 

Table  2.6-1  sunnvari7.es  the  architecture  comparisons  The  architecture 
which  combines  Poirier's  method  of  architecture  manifold  elimination  and  the 
Westinghouse  architecture  (Figure  2,3-1)  was  selected.  This  architecture 
reduces  the  r umber  of  beamformers  required  from  3  to  2  and  is  able  to  correct 
orrors  in  both  the  sum  and  difference  beans. 
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Table  2.6-1  Architecture  Ootoarissp 


Error  Correct 
Number  of  Both  Sum  and 
Beamfonrers  Difference — 


Additional 
System  Receive 
Loss - 


Conventional  3 


No 


0  dB  0  dB 


Poirier' 3  Method  2 


NO 


4  dB 


Westdnghouse 


Yes 


3.01  dB 


0  dB 


Combination 


Yes 


6.02  dB 


4  dB 
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Increased  availability  of  monolithic  microwave  integrated  circuits  (MMIC) 
has  generated  interest  in  active  phased  array  systems.  Continuing 
component  developments  are  providing  more  complex  functions  on-chip 
and  lower  MMIC  costs  that  can  make  realization  of  large  array  practical. 


Future  systems  are  projected  to  operate  over  wide  bandwidths  and 
implement  advanced  concepts  is  shared  apertures  in  which 
several  RF  functions  (EW,  radar,  communications,  etc.)  are  performed  on 
a  single  aperture.  This  paper  presents  the  results  of  the  development  of 
broadband  T/R  Modules  operating  over  frequencies  from  6  to  1 8  GHz. 
In  addition,  the  development  of  a  4-element  broadband  subarray  and  the 
integration  with  tl1  moduies  are  also  included.  A  5-bit  delay  line  phase 
shifter  has  been  developed  for  steering  the  subarrays  over  a 
±60  degrees  scan  sector.  Both  ^alcui  ed  and  measured  T/R  Module 
and  subanay  pattern  data  have  been  compared  and  dis  sssed. 


1.0  INTRODUCTION 


The  current  phased  array  technology  demands  for  a  wideband  (£300%), 
shared-aperture  phased-array  to  meet  the  present  and  future  needs  in 
many  critical  application  areas.  The  ultimate  goal  is  to  make  the  Phased 
Array  Antenna  Systems  affordable  and  reliable.  It  is  envisioned  that  such 
a  broadband  shared-aperture  phased-array  offers  many  advantages, 
such  as  reducing  real  estate  required  for  airborne  applications,  reducing 
scattering  cross-sections,  performing  multiple  missions,  etc.  The 
chaiienge  to  materialize  these  antenna  systems,  however,  is  developing 
the  required  key  components.  These  key  components  are  subarrays,  T/R 
(Transmit/Receive)  modules,  beamforming  network  and  its  associated 
control  circuits  to  say  the  least. 


The  purpose  of  this  paper  is  to  present  results  on  the  development  of 
broadband  (6-1 8  GHz)  Transmit/Receive  (T/R)  modulo  and  subarray 
components.  The  broadband  T/R  Module  developed  consists  of  T/R 
switches,  high  power  amplifiers,  low  noise  amplifiers,  and  a  5-bit  delay 
line  phase  shifter.  The  subarray  developed  is  a  6-element  printed-circuit 
dielectric  notch  radiator.  For  .he  integration  test,  there  are  e  subarrays 
mounted  on  the  top  of  a  common  ground  plane.  Center  four  subarrays 
were  connected  to  4  T/R  Modules  mounted  behind  the  ground  plane, 
with  outer  two  subarrays  resistively  terminated. 


Typical  data  measured  for  each  subcomponent  of  T/R  Modules  are 
discussed  in  Section  2.0.  Simulated  subarray  patterns  using  the 
measured  T/R  Module  data  are  presented  in  Section  3.0.  Brief 
description  of  T/R  Module/subarray  integration  test  is  given  in  Section 
4.0.  Measured  integration  test  pattern  performance  is  summarized  in 
Section  5.0,  followed  by  conclusions  and  recommendations  in 
Section  6.0. 

2.0  T/R  MODULE  PERFORMANCE 


2.1  T/R  MOuULt:  UfcSiUN 


The  T/R  Module  developed  consists  of  a  "transmit"  power  amplifier  chain 
and  a  "receive"  low  noise  amplifier  chain  that  share  a  common  5-bit 
delay  shifter  and  antenna  via  a  pair  of  SPDT  switches.  It  was  designed 
for  an  8-element  array,  operating  from  6.0  to  18.0  GHz.  The  element 


spacing  used  is  0.402  inch.  This  design  w&&  sudiou  uiwuiiy  nuin  cam  l.- 
band  phased-array,  operating  from  0.6  to  1.8  GHz,  which  was 
developed  at  Teiedyne  during  the  years  of  1983  and  1984.  Figure  1 
shows  a  general  block  diagram  of  a  broadband  T/R  Module,  which 
includes  a  polarity  switch  to  provide  the  polarization  diversity  capability. 
For  the  developed  T/R  Module,  however,  the  polarity  switch  was  not 
included,  as  shown  in  Figure  2.  This  figure  shows  the  basic  layout  of  the 
developed  T/R  Module.  Note  that  the  key  subcomponents  are  high 
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Figure  1 .  A  General  Block  Diagram  of  a  Broadband  T/R  Modul9 
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power  amplifiers,  low  noise  amplifiers  and  a  5-bit  delay  line  phase 
shifter.  Figure  3  shows  a  photo  of  the  hardware  developed. 

2.2  DELAY  LINE  PHASE  SHIFTER 

For  broadband  frequency  (300%  bandwidth)  operation,  delay  line  phase 
shifters  are  required  to  provide  frequency  independent  beam  scanning 
capability.  This  concept  is  illustrated  in  Figure  4  which  shows  a  4- 
olement  subarray  with  beam  scanning  to  an  angle  0.  Note  that  the  0  is 
given  by: 


e.  sin-1  (x|)  (1) 

where  x  is  the  time  delay  difference  between  any  two  adjacent  elements, 
c  is  speed  of  light  in  free  space  and  d  is  element  spacing.  The  oeam 
steering  is  dependent  on  time  delay  x  and  element  spacing  d,  not  on 
operating  frequencies. 

For  the  selected  element  spacing,  d  =  0.492  inch,  and  the  desired  scan 
coverage  of  ±60  degrees  from  the  8-element  array  broadside,  the  5-bit 
delay  line  bit  sizes  required  are  8.5,  17.1,  34.1,  68.2  and  136.4  pico 
seconds.  Figure  5  shows  the  measured  net  time  delay  states  of  the 
complete  T/'R  Module  for  the  receive  path  over  the  entire  operating 
frequency  range.  Results  are  similar  for  the  transmit  path.  It  should  be 
pointed  out  that  the  measured  data  for  each  state  showed  good  flatness 


over  the  frequency  range  as  desired.  The  difference  between  any  two 
adjacent  state  should  be  constant  and  equal  \o  the  least  bit  size  of  8.5 
pico  seconds.  The  measured  data  did  show  that  this  condition  has 
generally  been  met  with  some  minor  errors. 

One  of  the  important  criteria  for  T/R  Modules  is  their  performance 
repeatability  from  module  to  module.  Figure  6  shows  the  measured  net 
delay  of  5-bit  states  for  all  four  T/R  Modules.  Note  tnat  each  bit  tracked 
well  from  module  to  module. 

2.3  RECEIVE  MODE 

The  measured  performance  of  the  receive  modf  operation  is  shown  in 
Figure  7.  Note  that  the  koy  performance  items  are  gain,  gain  control,  and 
noise  figure.  In  addition,  the  gain  tracking  from  module  to  module  is 
important.  The  measured  data  showed  good  gain  of  35  dB,  with  a 
20  dB  gain  control.  The  noise  figure  measured  is  about  8.5  dB.  The 
gain  tracking  is  about  5  dB. 

2.4  TRANSMIT  MODE 

The  measured  performance  of  the  transmit  mode  operation  is  given  in 
Figure  8.  The  key  transmit  mode  performance  items  are  gain,  gain 
control  and  transmit  powe  Ne  'e  rhai  the  measured  typical  transmit  gain 
is  37  dB  with  a  20  dB  gain  control  range. 

u/. 


Fr*o«K?  (CBl) 


The  module  to  module  amplitude  tracking  is  mostly  less  than  5  dB  over 
the  frequency  range  for  4  T/R  Modules.  The  transmit  output  power  will  bv 
saturated  at  about  25  dBm.  A  desired  increase  if.  output  power  'an  be 
achieved  by  reducing  the  input  switch  insertion  loss,  increasing  the 
power  amplifier  gain  and  increasing  the  output  power  of  the  driver 
amplifiers. 

2.5  MODULE  PERFORMANCE  SUMMARY 

Table  1  provides  a  summary  of  the  measured  data  performance  for  the 
developed  four  T/R  modules.  The  measured  data  meets  most  of  the 
design  goals.  Improvements,  however,  are  needed  in  both  amplitude 
tracking  and  5-bit  delay  line  errot  tolerance. 

30  SIMULATED  SUBARRAY  PATTERNS 

Before  the  T/R  Modi  es/Subar  ays  integration  test,  subarray  patterns 
wor a  simulated  usinu  the  measured  T/R  Module  time  delay  data. 
Figure  9  shows  a  4-element  subarray  fed  by  4  T/R  Modules  via  a  1 :4 
corporate  feed  circuit,  in  the  pattern  simulation,  uniform  ;  mplitude 
illumination  was  assumed  and  the  mutual  coupling  effect  was  not 
included.  The  calculated  patterns  are  shown  in  Figures  10-16.  Thr 
corresponding  relative  aperture  phase  measured  and  designed  for  ^ach 
frequency  and  beam  anc'-e  .s  also  shown  in  >ach  figure.  These  ap-  iure 
phase  errors  determine  subarrav  pattern  performance  and  provide 
understanding  ov  the  phase  error  effect  on  beam  shaping. 


Table  1 .  Comparison  of  Achieved  Performance  and  Goals 


Parameter 

Goal 

Measured 

Frequency  (GHz) 

6-18  GHz 

6-18  GHz 

Port  Match,  Antenna  and  Feed 

2:1 

2:1 

Gain,  Transmit  and  Receive 

30  dB 

35  dB 

Gain  Control  lOdB 

20  dB 

Transmit  Power  Output 

23  dBm 

25  dBm 

Re  -eive  Noise  Figure 

6  dB 

b.b  dBtyp. 

Phase  Match:  (at  6  GHz) 
Mnit-to-Uni? 
Transmit-to-Receive 

- — -w 

±30  degrees 

-4-OQ  Honraae 

■  W  v*vy  v  w 

±33  degrees 

Switchable  Delay: 

Bit  1  (psec) 

Bit  2  (psec) 

Bit  3  (psec) 

Bit  4  (psec) 

Bit  5  (psec) 

8.5  ±3% 

17.1  ±3% 

34.1  ±3% 

88.2  ±3% 

136.4  ±3% 

8.3  ±15% 

17.3  ±7% 

33.3  ±6% 

68.8  ±4% 

131.8  ±4% 

Gain  Flatness  Vs  Frequency 

±3  dB 

±5  dB 

Gain  Variation  Vs.  Delay  Setting 

±2  dB 

±1.5  d3 

Gain  Tracking,  Unit-to-Unit 

Not  specified 

±2.5  dB 

Not  Delay  Tracking,  Unit-to-Unit 

! 

ItminTi  icking,  Unit-to-Unit 

Not  specified 

Not  specified 

±19%  on  Bit  1 
decreasing  to 
±2%  on  Bit  5 
Receive  path: 

±6.5  psec. 

—  -  —  - 

Transmit  Path 
±22.5  psec 

SCAN  ANGLE 
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^  iNPUT/OUTPUT  PORT 

Figure  S.  A  Sketch  to  Show  a  4-Element  Subarray  Fed  by  4  T/R  Module  via  a  1 :4  Corporate  Feed 
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Figure  10.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distributions  at  6  GHz  anri  0  Degree  Scan  Angle 
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Figure  11.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distributions  at  6  GHz  and  60  Degrees  Scan  Angle 
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Figure  12.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distribute  s  at  12  GHz  and  0  Degree  Scan  Angle 
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Fiaure  13.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distributions  at  12  GHz  and  30  Degrees  Scan  Angle 
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Figure  15.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distributions  at  18  GHz  and  0  Degrees  Scan  Angle 
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Figure  16.  Simulated  Subarray  Patterns  and  Aperture  Phase 
Distributions  at  18  GHz  and  60  Degrees  Scan  Angle 
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Figures  0  and  11  show  the  simulated  sufcarray  patterns  (solid  lines) 
based  on  the  measured  T/R  Modulo  phase  data  (as  given  by  squares). 
The  frequency  used  is  6  GHz  and  beam  angles  are  0  (Figure  11)  and  60 
degrees  (Figure  12).  For  comparison  purpose,  the  theoretical  phase 
data  were  also  shown  in  the  figure  (as  given  by  triangles).  Note  that  onty 
one  out  of  four  T/R  Modules  has  larger  phase  on  or  (about  30  degrees  as 
shown  in  Figure  10).  The  simulated  subarray  patterns  using  the 
theoretical  phase  data  were  shown  by  the  dashed  lines.  God  agreement 
between  the  dashed  line  and  solid  I  ne  subarray  patterns  has  been 
obtained,  it  shouid  be  mentioned  that  there  were  no  grating  iobes  a*  60 
degrees  scan  angle  (Figure  1 1 ),  due  to  the  small  element  spacing. 

Figure  12.  13  and  14  show  the  simulated  subarray  patterns  for  the 
frequency  cf  12  GHz  and  beam  angles  of  0,  30  and  60  degrees, 
respectively.  The  simulated  pa  terns  with  the  measureo  and  theoretical 
ap  lure  phase  data  again  agree  well,  except  sidelobes.  The  higher 
sidelobe  levels  shown  in  these  figures  are  mainly  caused  by  large  phase 
errors  at  element  No.  2.  Figures  16  and  16  show  the  simulated  patterns 
for  the  frequency  of  16  GHz  and  beam  angles  of  0  and  60  degrees, 
respectively.  Note  that  the  phase  error  at  element  No.  2  increases  to 
about  50  degrees  for  broadside  oeam  (Figure  15)  and  65  degrees  for 
beam  at  60  degrees  (Figure  16).  As  a  result,  the  subaivay  pattern 
sidelobes  for  the  measured  phase  data  are  much  higher  than  that  of  ine 
theoretical  phase  data.  For  future  development,  the  No.  2  T/R  Module 


phase  error  can  be  corrected  and  the  corresponding  sidelobe  wei  of 
subarray  patterns  will  be  improved.  The  grating  lobes  are  shown  in 
Figures  14  and  16  tor  scan  angle  at  60  degrees  at  frequencies  of  12  and 
18  GHz.  These  grating  lobes  are  expected  due  to  the  large  element 
spacing  at  higher  frequencies. 

4.0  T/R  MODULE/SUBARRAY  INTEGRATION  TEST 
4.1  PHYSICAL  INTEGRATION 


To  verify  the  simulated  subarray  patterns,  four  T/R  Modules  were 
integrated  with  a  6x6  subarrays  as  shown  in  Figure  17  The  6x6 
subarrays  were  v:  nunte  i  on  the  top  of  a  12  x  12  inches  ground  plane. 
The  four  T/R  Modules  v.  ere  mounted  behind  the  ground  plane.  Four 
coaxial  cables  were  used  to  provide  RF  connections  between  the  four 
T/R  Modules  and  tho  center  four  subarrays.  The  outer  two  subarrays 
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Each  Subarray  contains  6  dielectric  note! 


radiator  which  was  developed  to  operate  from  8  to  18  GHz. 


Tho  input  V$WR  for  each  embedded  e!ement  is  better  than  2:1.  The 
spacing  between  any  two  adjacent  subarrays  is  0.492  inch.  To  provide 
structure  support,  foam  spacers  were  piaced  between  two  adjacent 
subarrays 
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4.2  TESTING  CONDITIONS 


The  integrated  T/R  Module/Subarray  was  mounted  on  top  of  a  foam 
column  pedestal  inside  an  anechoic  chamber  for  subarray  pattern 
measurement,  as  shown  in  Figure  18.  The  power  suppiy  and  T/R  Module 
control  circuits  were  placed  on  a  rack  and  placed  outside  the  anechoic 
chamber.  The  module  gain  level  settings  were  adjusted  to  provide  a 
uniform  gain  distribution  across  the  array.  This  involved  adjusting 
attenuation  levels  to  compensate  for  individual  temperature  deviations 
due  to  the  position  of  each  module  in  the  subarray.  Gain  levels  were 
adjusted  to  maintain  a  nominal  gain  of  30.0  dB  for  both  transmit  and 
receive  modes.  The  accuracy  of  this  gain  level  is  within  ±0.5  dB  for  each 
module. 

5.0  MEASURED  SUBARRAY  PATTERNS 

The  integrated  T/R  Module/Subarray  patterns  were  measured  for 
frequencies  of  6,  12  and  18  GHz  and  beam  angles  of  0,  30  and  60 
degrees.  Typical  data  were  shown  in  Figures  19,  20  and  21.  For 
comparison  purposes,  the  simulated  subarray  patterns  using  the 
theoretical  element  phase  data  were  also  plotted  in  these  figures.  In 
general,  the  measured  beamwidth  is  smailer  than  that  simulated.  This 
may  be  caused  by  the  fact  that  the  outer  two  subarrays  were  excited  by 
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Figure  21.  Measured  Subarray  Pattern  at  12  GHz  and  60  Degrees  Scan  Angle 


mutual  coupling  effect  from  the  center  four  active  subarrays.  As  a  result, 
the  effective  subarray  aperture  increases  which  will  reduce  the 
beamwidth. 

It  is  also  noted  that  the  sidelobes  and  grating  lobes  of  the  measured 
subarray  patterns  are  higher  than  that  simulated.  This  may  be  caused  by 
aperture  phase  error  as  discussed  in  Section  3.0.  However,  the  beam 
did  scan  to  the  desired  directions  using  the  developed  5-bit  delay  line 
phase  shifter. 

6.0  CONCLUSIONS  AND  RECOMMENDATIONS 
6.1  CONCLUSIONS 

A  5-bit  true  time  delay  MMIC/hybrid  6-18  GHz  T/R  Module  has  been 
developed  for  phased  array  EW  and  shared  aperture  applications. 
Saturated  output  power  is  typically  +25  dBm.  Receive  and  transmit  path 
gains  are  approximately  35  dB  each,  with  20  dB  of  gain  control.  Each 
T/R  Module  may  be  switched  into  one  of  31  net  time  delay  states.  Unrt-to- 
unit  net  delay  tracking  for  four  units  is  within  7  psec  while  gain  tracking  is 
within  5  dB. 

Based  on  the  measured  and  simulated  subarray  pattern  performance,  it 
is  concluded  that  the  broadband  T/R  Module  does  provide  the  beam 
steering  capability  over  the  designed  frequency  range  (from  6  to 
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18  GHz)  and  the  space  angle  coverage  (±60  degrees  from  array 
broadside). 

6.2  RECOMMENDATIONS 

Three  main  areas  for  improvement  have  been  identified.  First,  FEDs 
should  be  used  instead  of  PIN  diodes  for  ail  switching  elements, 
including  delay  shifters.  Second,  control  of  the  module  needs  to  be 
analyzed  and  integrated,  as  much  as  possible,  into  the  module.  Third, 
packaging  needs  to  be  studied  and  improved.  In  addition,  the  phase 
tracking  from  module  to  module  needs  further  improvement  to  reduce 
subarray  aperture  phase  error.  The  improvement  in  gain  tracking  is  also 
recommended. 
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ABSTRACT: 


The  use  of  multilayer  parasitic  patch  subarrays  in  a  microstrip  phased  array 
offer  many  potential  advantages.  In  this  paper  an  analytical  study  of 
microstrip  arrays  with  high  gain  multilayer  parasitic  patch  subarrays  and 
conventional  patch  antennas  is  presented.  It  is  indicated  that  a  thinned 
array  of  half  as  many  multilayer  parasitic  patch  subarrays  (per  row  and 
column)  at  twice  the  spacing  will  perform  as  well  as  the  full  array  of 
ordinary  patch  antennas.  The  criterion  for  comparison  was  array  gain,  3  dB 
beamwidth  and  sidelobe  level.  The  attendant  reduction  in  the  required  number 
of  patch  antennas  and  consequently,  MMIC  phase  shifters  is  very  significant  in 
terms  of  array  complexity,  cost  and  power  loss. 

1B7 
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2. 


INTRODUCTION: 

It  has  been  reported  in  the  literature  that  the  presence  of  parasitic  patch 
elements  adjacent  to  excited  ones  enhances  the  gain  of  the  patch  antenna 
[1-33.  Recent  experimental  studies  have  established  that  parasitic  patch 
subarrays  with  overlaying  stack  of  parasitic  patches  above  an  excited  one  can 
produce  gain  several  dB  higher  than  that  of  the  single  excited  patch  itself 
[4].  Using  these  higher  gain  multilayer  patch  subarrays  as  the  basic 
radiating  unit  for  a  large  array  with  MMIC  (Monolithic  Microwave  Integrated 
Circuits)  phase  and  amplitude  control  offer  many  advantages.  For  beam 
pointing  and  sidelcbe  level  control  in  a  large  array  of  patch  antennas,  the 
number  of  MMIC's  required  is  proportional  to  the  number  of  patches  comprising 
the  array.  The  resulting  beam  forming  network  introduces  complex  feed 
architecture,  high  power  loss ,- spurious  radiation  in  the  feed  network  and  high 
cost  due  to  MMIC's.  To  alleviate  these  problems,  higher  gain  parasitic  patch 
subarrays  can  instead  be  employed  that  will  meet  the  array  design  criterion 
with  fewer  number  of  elements  and  hence  fewer  number  of  MMIC  devices. 

The  aim  of  this  paper  is  to  study  the  feasibility  of  using  a  reduced  numnber 
of  such  high  gain  elements  to  maintain  the  design  performance  in  large  MMIC 
phased  array.  The  result  of  this  study  will  serve  as  a  reference  performance 
basis  in  large  array  design  where,  array  architecture  is  modified,  addressing 
critical  configuration  and  performance  issues. 
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3. 


ARRAY  TRADE-OFF  ANALYSIS: 

In  the  simulation,  the  trade-off  performance  of  a  (16  x  16)  array  of 
microstrip  patch  elements  in  the  broadside  direction  was  studied.  The  34  dB 
array  gain  was  realized  wit**  array  of  256  patch  elements  with  10  dB 

individual  gain  and  aperture  dimension  of  (7.5X  x  7.5X).  Figure  3  shows  such 
an  array.  If  instead,  the  multilayer  parasitic  patch  subarrays  with  15  dB 
individual  gain  were  chosen  as  the  basic  radiating  unit  then  the  array 
performance  goal  (i.e.  gain,  sidelobe  level,  beamwidth)  is  achieveable  with 
only  81  elements;  resulting  in  a  substantial  reduction  in  the  number  of  MMIC 
required. 

Figures  1  and  2  show  the  far-field  patterns  of  a  single  patch  and  a  multilayer 
parasitic  patch  subarray  respectively.  For  analysis;  the  element  patterns 
were  approximated  by  appropriate  cosine  powered  functions.  Then 
two-dimensional  array  patterns  were  computed  using  generalized  array  theory. 

Figures  5  through  10  show  the  H-plane  cut  of  the  far-field  plots  for  different 
array  configurations.  For  comparison,  only  the  H-plane  plots  have  been 
displayed.  Gain  for  each  array  was  computed  by  integrating  the  total  radiated 
power. 

RESULT  AND  DISCUSSION: 

The  trade-off  comparison  for  a  planar  array  of  mentioned  gain,  sidelobe  level, 
beamwidth  is  displayed  in  Table  1.  The  first  three  columns  in  Table  1 
correspond  to  the  array  configurations  with  34  dB  array  gain.  The  next  three 
columns  give  an  alternate  look  at  the  array  if  element  savings  are  not  taken 
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Into  consideration.  The  resulting  increase  in  array  gain  of  39  dB  is 
associated  with  higher  gain  elements  at  the  expense  of  a  larger  number  of  MMIC 
devices  or  with  a  large  number  of  standard  gain  elements  and  proportional 
number  of  MMIC  devices.  The  study  results  indicate  that  an  array  of  standard 
gain  patch  elements  reconstructed  with  reduced  number  of  higher  gain  parasitic 
elements  within  the  same  array  aperture  and  consetuently  at  increased  element 
spacing  will  produce  same  directivity,  3  dB  beamwidth  and  lower  sidelobe 
envelope.  Hence  for  a  large  array,  an  improvement  of  5  dB  in  element  gain 
will  reduce  the  number  of  MMIC  required  by  66°1  to  operate  at  the  design 
performance  level. 

The  above  study  does  not  take  Into  consideration  the  effect  of  mutual  coupling 
or  r  Jiation  from  the  feed  lines  which  would  likely  degrade  the  anticipated 
performance  and  lower  the  array  gain. 

The  performance  degradation  can  be  recovered  somewhat  without  additional  MMIC 
devices  by  an  array  of  (16  x  16)  multilayer  parasitic  subarrays  and  connecting 
the  subar'-ays  into  groups  of  two.  Each  such  group  can  be  controlled  by  an 
MMIC  device  as  1  r\ d ■. c a t e d  in  Figure  4.  Though  thp  resulting  array  has  the  same 
number  of  radiating  elements  as  its  conventional  counterpart  but  requires 
fewer  number  of  MMIC  devices.  Such  an  array  produces  even  higher  overall  gain 
anu  lower  si  elobe  envelope  with  identical  3  dB  beamwidth  and  null  location. 


5. 
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riGIJRE  2:  F.  AND  H-PLANE  PATTERNS 
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FIGURE  3:  (16  x  16)  ARRAY  OF  SINGLE  PATCHES. 


FIGURE  4:  (16  x  16)  ARRAY  OF  MULTILAYER 

PARASITIC  SUBARRAYS.  SUBARRAYS 
CONNECTED  INTO  GROUPS  OF  TWO. 


FIGURE  5:  H-PLANE  PATTERN  FOR  A  <16  x  16) 
ARRAY  OF  SINGLE  PATCHES  AT  0.5X 
ELEMENT  SPACING. 


FIGURE  T:  H-PIANE  FOR  A  (9  x  9>  ARRAY 

Of  MULTILAYER  PARASITIC  SUBAP.EAYS 
AT  0.94X  ELEMENT  SPACING. 


10. 


lit**'  IM  Allwf  0(1. 


FIGURE  7:  H-PLANE  PATTERN  FOR  A  (9  x  9)  ARRAY 
OF  MULTILAYER  PARASITIC  SUBARRAYS 
AT  0.5\  ELEMENT  SPACING. 
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FIG'  RE  8  H-PLANE  PATTERN  FOR  A  (If,  x  16)  ARRAY 
OF  MULTILAYER  PARASITIC  SUBARRAYS 
At  0  SX  ELEMFNT  SPACING 
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FIGURE  9:  H-PLANE  PATTERN  FOR  A  (?  )  x  29)  ARRAY 

OF  SINGLE  PATCHES  AT  0..  ?X  ELEMENT  SPACING 
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FIGURE  10:  H-PLaNE  PATTERN  FOR  A  (29  x  29)  ARRAY 

OF  SINGLE  PATCHES  A1  0 . b>  ELEMENT  SPACING. 
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A  K-BAND  MMIC  ACTIVE  PHASED  ARRAf  ANTENNA 


C  DONN ,  A.  E  BOLLESEN  AND  S.  K.  WONG 
ROCKWELL  INTERNA1 IONAL  CORPORATION 
ANAHEIM,  CALIFORNIA  <J?803 


I  .  INTRODUCTION 


2. 


In  recent  years,  Rockwell  has  been  developing  SHF/EHF  monolithic 
active  phased  array  technology.  Recent  advances  in  the  GaAs 
monolithic  microwave  integrated  circuit  (MMIC)  technology  in  the 
SHF/EHF  bands  suggest  the  feasibility  of  very  "thin"  active  phased 
arrays  which  are  ideal  for  conformal  applications  (1,2.3).  Rockwell 
completed  a  study  for  Rome  Air  Development  Center,  Hanscom  AFB, 
Massachusetts  which  defined  a  design  approach  for  the  K-hand 
monolithic  active  receive  array  (4,5,6).  A  16-element  subarray  was 
utilized  to  demonstrate  and  evaluate  the  design,  fabrication  and 
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This  presentation  reports  the  performance  of  this  16-element 
monolithic  active  receive  ar-ay. 


ARRAY  DESCRIPTION 


A  photo  of  the  16-element  array  hardware  components,  which  are:  the 
array,  phase  shifter  control  box  and  powe  supply  box,  is  shown  in 
Figure  1 ;  an  RF  functional  diagram  is  illustrated  in  Figure  2. 


Photos  of  subarray  aperture  and  the  detail  of  a  single  radiating 
element  cell  are  shown  in  Figure  3.  Each  individual  element  cell 
consists  of  a  cavity  radiating  element  excited  orthogonally  (to 
produce  circular  polarization)  by  outputs  from  a  1  ange  coupler;  a 
single  GaAs  monolithic  microwave  integrated  circuit  consisting  of  a 
low  noise  amplifier,  a  buffer  amplifier  and  a  3-bit  phase  shifter. 
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FIGURE 


RF  FUNCTIONAL  DIAGRAM  OF  THE  16-ELEMENT  SUBARRAY 


Figure  3  Photo  of  the  16  E'ement  Subarray 


All  16  radiating  elements  are  connected  to  the  RF  distribution 
network,  via  vertical  RF  feed  thrus.  The  array  also  provides 
Interconnections  to  control  the  MMIC  functions.  The  array  was 
designed  with  uniform  distribution  and  the  antenna  control  was 
mechanized  Into  the  control  box  rather  than  "on  element"  control 
modules. 


3.  RECEIVE  MODULE 


The  20  GHz  KMIC  receive  module  (or  chip)  contains  a  low-noise 
ampllf’er,  a  3— bi t  phase  shifter  and  a  buffer  amplifier  all 


Integrated  In  a  single  monolithic  GaAs  chip.  The  overall  dimensions 
of  the  chip  are  0.070"X0. 270"  with  a  thickness  of  0.005”.  The  goals 


for  design  performance  were  as  follows: 
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Gallium  arsenide  monolithic  microwave  integrated  circuit  (MMIC) 
fabrication  technology  at  Rockwell  Is  based  on  direct,  localized  ion 
Implantation  tv*'  active  layer  formation,  projection, 
dlrect-step-cn-wafer  (DSW)  photolithography.  This  DSN 
photolithography  was  used  for  all  patterning  steps  Including  FET 
gates,  plasma-enhanced  chemical  vapor  deposition  (PECVD)  of  silicon 
nitride  for  metal-lnsulator-metal  (MIM)  capacitors,  low  capacitance 
crossovers,  through  substrate  via  holes  for  ground  connections,  arid 
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a  refractory  metal-based  metallization  system  for  high  reliability. 
Al1  processing  Is  carried  out  on  3-1nch  wafers,  using  automated  high 
throughput  equipment,  in  a  closely  monitored  pilot  production 
environment.  FET  gates,  0.5  um-long,  are  patterned  using  a 
proprietary  dummy-gate  ,ocess.  Ory  processing  techniques  including 
ion  milling,  reactive  ion  etching  and  plasma  etching  are  used 
extensively.  This  has  led  to  the  development  of  a  high  yield 
process  with  state-of-the-art  circuit  performance.  Tight  control  of 
all  important  fabrication  steps  is  maintained  through  an  extensive 
use  of  test  patterns  on  the  wafer.  Further  control  over  device 
performance  is  offered  by  the  availability  of  in-house-grown 
semi- Insulating  GaAs  and  a  strong  internal  program  in  materials 
technology.  A  CALMA  GDS  II  computer-aided  design  system  is  used  for 
design  and  layout  of  IC  masks,  producing  the  pattern  generator  tapes 
required  for  mask  fabrication.  Mask  fabrication  is  carried  out  at  a 
Rockwel 1 -owned  entity,  OPTOMASK,  which  also  provides  service  to 
commercial  semiconductor  companies. 

GaAs  MESFETs  are  used  as  active  devices  and  Schottky  diodes  are  used 
for  level  shifting  applications.  Except  for  very  small  values, 
resistors  are  formed  by  ion  Implantation  (300-100  Q/D).  Small 
value  resistors  are  fabricated  using  ohmic  metallization  with  a 
sheet  resistance  of  1.5  Q / □ .  The  dissimilar  active  layer 
requirements  of  different  types  of  FEfs,  diodes,  and  resistors  a^e 
met  by  multiple,  localized  ion  implantation. 
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MIM  capacitors,  with  plasma-enhanced  CVD  silicon  nitride  as 

dielectric  are  used  for  both  RF  tuning  and  bypassing  due  to  good 

control  (+10%)  on  capacitance  per  unit  area.  A  capacitance  of  130 
2 

pF/mm  is  currently  used,  although  higher  values  are  possible  by 
thinning  the  dielectric  layer  which  may  reduce  reproducibility  due 
to  small  variations  in  lithography. 

Wafer  fabrication  is  done  on  635  ym-thick  substrates  (to  minimize 
breakage).  Before  etching  via  holes  from  the  backside,  the 
substrates  are  thinned  to  125  urn.  Thinning  's  accomplished  by  a 
combination  of  lapping  and  polishing  that  leaves  a  mirror  finish  on 
the  final  surface.  Tills  helps  in  reducing  RF  losses  in  the 
microstrip  ground  plane  which  is  formed  by  metallizing  the  backside 
by  electroless  and  electro-piating  (3um  gold).  Backside 
metai , Ization  also  plates  all  the  via  holes,  thereby  providing 
ground  points  at  appropriate  locations  on  the  chip.  Transmission 
lines  are  constructed  in  the  form  of  microstrip.  The  fabrication 
process  Incorporates  a  two-level  metallization  scheme  with  low 
capacitance  crossovers.  The  second  metallization  level  which  forms 
a ■ i  the  microwave  circuitry,  top  plates  of  HIM  capacitors  and  many 
interconnects,  is  gold  plated  to  a  thickness  of  approximately  3 u m 
to  minimi  ’e  RF  losses.  An  air  bridge  technology  for  3-inch  wafers 
using  projection  lithography  has  recently  been  developed  and 
implemented  as  part  of  the  baseline  orocess.  The  interlevel 
d'electrics  (silicon  oxynitride)  is  also  used  to  passivate  all 
active  devices.  No  organic  materials  (e  g.s  polyimide)  are  present 
cn  the  MH1C  chip.  The  wa  er  is  di -ed  from  the  b.u.k,  with  a  high 


y(j') 


speed  diamond  saw,  since  It  Is  not  feasible  to  demount  a  5  ml  1  thick 
3-1nch  wafer  from  the  carrier  substrate  and  remount  It  face-up 
without  excessive  breakage.  A  specialized  pattern  In  the  via  mask 
defines  the  saw  streets.  A  flow  chart  of  the  process  showing 
cross-sections  of  devices  after  completion  of  the  major  process 
steps  is  provided  in  Figure  4. 

A  single  3"  wafer,  containing  44  fields  with  each  field  h.  ving  a 
layout  as  shown  in  Figure  5,  was  processed.  Each  field  contains 
three  chips,  two  are  of  the  latest  design  and  the  third  is  the 
prototype  design  included  as  a  back-up  if  required.  The  wafer  was 
DC  probed  prior  to  thinning  and  backside  processing.  Eighty-seven 
(87)  of  the  eighty-eight  (88)  possible  chips  with  the  latest  design 
passed  the  DC  screening. 

TEST  RESULTS 

A  cascade  probe  connected  to  a  HP8S10  was  used  to  test  all  chips. 

The  cascade  probe  is  a  specially  designed  RF  probe  which  allows 
accurate  RF  measurement  without  the  bonding  of  chips  onto  a  test 
fixture  and  thus  chips  were  free  of  possible  physical  damage  after 
the  RF  testing.  A  preliminary  RF  screening  consisted  of  measuring 
RF  signal  at  chip  output  port  through  all  3-bit  phase  states  was 
performed  on  the  87  chips.  Thirty-six  chips  failed  this  preliminary 
RF  screening.  The  remaining  52  chips  underwent  a  complete 
S-parameter  characterization  from  19  GHz  to  21  GHz.  Based  on  !he 
preliminary  scruti nization  of  the  test  data,  nine  chips  were  deemrd 
to  be  unacceptdbl e  due  to  either  very  low  gain  or  large  phase 
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Figure  4  Schematic  MMIC  Cross  Section  After  Completion  of  Various  Processing  Steps 


20  GHz  RECEIVE  MODULE  MASK  LAYOUT 


variation  or  a  combination  of  both,  i he  remaining  test  data  of  4? 
chips  were  analyzed  to  determine  peak,  gain  for  each  chip,  the 
frequency  where  the  peak  gain  occurred,  th..*  gain  variation  across 
the  eight  phase  states,  and  the  phase  delay  (referenced  to  the 
zero-degree  phase  state  for  each  phase  state).  The  means,  maximum, 
minimum  and  standard  deviation  are  tabulated  In  Table  1.  It  should 
be  noted  that  except  for  the  peak  gain,  the  statistics  are  based  on 
the  data  at  20  GHz  only. 


TABLE  1  20  GHz  MMIC  CHIP  TEST  DATA  SUMMARY 


Data  Summary  (42  devices) 


Parameter 


Peak  S(Z1)  Gain 
(■req  $  Peax  S(Zi)  Gain 
S(21)  lain  Spread  (3  phases) 
S(21)  Angle '(45  State)" 

S(21)  Angle  (90  State)" 

S(21)  Angle  135  State)* 

S(21)  Angle  (180  State)* 
S(21)  Angle  (225  State)* 
S(Z1)  Angle  (270  State)* 

5(2 ! )  Angle  (315  State)* 


Units 

Mean 

l 

Max 

Min 

Standard 

Deviation 

08 

9.1 

12.8 

7.0 

1.3 

GHZ 

19696 

19920 

19440 

.128 

OB 

1.4 

1.7 

1.1 

.165 

Degrees 

39.9 

42.3 

1 .01 

Oegrees 

87.7 

90.3 

84.4 

1.50 

Degrees 

126.5 

130.2 

121  .8 

2.06 

Degrees 

184.9 

188.9 

179.6 

2.04 

Degrees 

225.fi 

229.fi 

220.1 

2.52 

’Degrees 

271 .3 

276.5 

265.3 

2.78 

Degrees 

314.5 

319.5 

308.5 

3.05 

KEPI 


Additional  analyses  were  performed  on  the  16  chips  selected  for  the 
integration  onto  the  array.  The  gain  and  phase  measurement  data  are 
listed  in  Tables  2  and  3  for  19.5  GHz  and  in  Tables  4  and  5  for  20 
GHz.  The  numbers  1  -  16  in  the  Tables  correspond  to  the  position  on 
the  array.  Good  uniformity  can  be  seen  in  the  data  both  across  the 
16  devices  for  each  phase  state  and  especially  across  the  phase 
states  of  each  individual  chip.  The  absolute  values  do  not  match 
the  design  goals;  however,  considering  that  this  is  the  first 
quantity  lot  of  a  higher  order  MMIC  (several  functions  on  a  single 
chip)  produced  (to  our  knowledge  anywhere),  the  results  are 
extremely  encouraging. 


While  gathering  the  raw  data,  it  was  noted  that  the  frequency 
response  was  lower  than  desired.  The  gain  and  phase  shift  aero  s 
the  freauency  band  from  19.2  to  20.6  GHz  for  a  single  chip  is  shown 
in  Figures  6  and  7  respectively.  The  slope  ori  the  phase  shift  is  to 
be  expected  and  is  not  of  major  concern  as  long  as  it  is  linear  and 
consistent  from  phase  state  to  phase  state  because  a  correction  for 
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The  gain  and  absolute  phase  shift  values  are  indicative  of  the  state 
of  modeling  at  the  higher  frequencies.  Although  models  are  well 
established  at  lower  frequencies  and  for  individual  circuits,  the 
same  <’egree  of  confidence  has  not  been  achieved  at  the  higher 
frequencies.  There  is  sufficient  evidence,  nowever,  to  believe  that 
with  the  S-parameter  data  obtained  from  this  iteration,  an  MMIC  can 
be  produced  *o  meet  the  design  goals  with  little  risk. 
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Tpble  2  Element  Amplitude  Excitation  at  19  5  GHz 


CHIP  GAIN  IN  dB  FOR  PHASE  STATE 

r  I  1  r  r  I 


4.21 
l  8.03 
I  4.58 
6.60 
7.72 
10.19 
7.42 
5.59 
5.17 
6.57 
9.63 
4.34 
3.71 
6.11 


5.10 
8.93 
5.76 
17.77 
18-63  i 
;  ii .091 
8.56 

I  6.60  ! 

j  6 . 34  j 
j  7 . 64  | 
10.82! 
5.14  j 
4.84 
7.27  | 


4.94 

8.70 

5.60 

7.47 

8.33 

11  .oo; 

8.31  I 
6.5! 
6.13 
7.47 
10.50 
5.30  | 
4.62  ! 
7.07  I 


180* 

225” 

270” 

1 _ 

3.81 

4.50 

[ 

3.95 

7.75 

8.51 

8.00 

4.44 

5.11 

4.49 

6.55 

7  21  ' 

6.45 

7.56  : 

8.16  ! 

7.51 

Table  4  clem."  Amplitude  Excitation  at  29  GH? 


Gain  in  ciB  Error  in  Degree* 


4.  RADIATING^ELEMENJ 


The  performance  specifications  of  20  GHz  radiating  element  weir  ,-.s 
fol lows: 


Freguency 

20  GHz 

Bandwidth 

+0.5  GHz 

VSWR 

1.5:1 

Si  ze 

< 1 / 4  Havel ength 

In  view  of  the  51  bandwidth  and  the  array  scan  angle  coverage  of  0 
degree  to  +  60  degrees  requirements,  a  dielectric  loaded  cavity 
radiating  element  was  selected.  A  phased  array  with  cavity 
radiating  elements  wili  not  experience  a  "blind  spot"  as  that  with 
patch  radiating  elements.  This  is  because  there  is  no  dielectric 
medium  to  support  the  generation  of  surface  wave  under  the  radiating 
aperture  while  the  beam  is  scanned  beyond  +  30  degrees  from 
broadside  direction.  The  selected  cavity  radiating  element,  shown 
in  Figure  8,  has  a  size  of  0.131"  (length)  X  0.131"  (width)  X  0.075" 
(depth)  and  is  loaded  with  alumina  material.  Two  0.048"  X  0.039" 
"ears"  are  used  to  provide  accessible  ports  for  exciting  the 
orthogonal  polarizations.  For  circular  polarisation,  a  Lange 
coupler  was  used  to  feed  the  two  orthogonal  linear  ports  ("ears") 
thru  two  50-ohm  microstrip  lines. 

5.  MRAY_. INJE&RATJQN  AND  PERFORMANCE 

The  array  in  a  size  of  1 ,08"X1 .08"X0.24"  consists  of  16  radiating 
element  cells  arranged  in  a  4X4  matrix  with  a  0.27"  spacing  between 
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adjacent  cells.  Each  radiating  cell,  shown  In  Figure  9,  consists  of 
a  cavity  radiating  element  of  size  0. 1 31"X0. 1 31 "X0.075"  excited  by  a 
Lange  coupler,  a  GaAs  HMIC  receive  chip  of  size  0.270"X0.070"X0.00b" 
consisting  of  a  low-noise  amplifier,  a  buffer  amplifier,  and  a  3-blt 
phase  shifter.  All  16  radiating  cells  are  connected  to  a  power 
combining  network  via  a  vertical  RF  feed-thru.  A  cress  section  of 
array  wish  a  RF  feed-thru  Is  shown  In  FI  gun;  10.  The  length  of  the 
feed-thru,  0.238".  Is  determined  by  the  Impedance  matching 
requirement.  The  RF  feed-thru  is  simply  a  piece  of  coax  cable  that 
slips  into  a  pre-drllled  0.056"  diameter  hole  in  the  carrier  plate. 
The  center  conductor  is  0.010"  in  diameter. 


DC/Logic  connections  for  each  MMIC  chip  are  provided  on  the 
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a  thru-hole.  The  array  vertical  Integration  scheme  is  shown  In 
Figure  11  and  was  integrated  Into  a  single  hardware  unit  designated 
as  Antenna  Box.  However,  the  DC/Logic  control  function  was 
mechanized  into  a  separate  control  box  designated  as  a  Phase  Shifter 
Control  Box  rather  than  the  preferred  "cn-chio"  control  module  to 
provide  flexibility  and  shorten  the  design/implementation  time 
during  this  initial  demonstration  program.  For  ease  of 
identification  of  MMIC  chip  locations  in  the  array,  the  radiating 
elements  are  numbered  from  1  to  16  as  shown  In  Figure  12.  These 
identification  numbers  are  used  for  setting  the  phase  values  of 
individual  elements  in  the  Phase  Shifter  Control  Box. 
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ARRAY  PERFORMANCE 

Gain  calibrations  of  the  broadside  beam  fir  the  16-element  array  at 
three  frequencies  were  performed  by  comparing  the  array  with  a 
standard  gain  horn.  The  measured  circular  polarization  gains  of  the 
broadside  beam,  referenced  to  the  output  port  of  the  power  combining 
network  shown  in  Figure  2  after  corrections  for  the  broadside  axial 
ratio  are  summarized  in  Table  6.  Measured  gain  values  at  19.5  GHz, 
20  GHz,  and  20.3  GHz  are,  respectively,  10.9  dBic.  9.5  dBic,  and  5.2 
dBic. 


Axial  ratio  radiation  patterns  for  beams  scanned  from  0  (broadside) 
to  60  degrees  with  a  20-degree  increment  in  various  phi-plane  cuts 
were  recorded  at  19.5,  20.0,  and  20.3  GHz.  Figure  13  shows  the 
measured  scan  beam  patterns  at  0,  1C,  20.  40,  50,  60  degrees  in  the 
phi-45-degree  plane  at  19.5  GHz.  They  are  well  behaved. 


Theoretical  active  array  pattern  and  gain  performance  with  the 
effect  of  all  MMIC  chips  can  be  accounted  for  by  using  the  actual 
gain  and  phase  shift  values  cf  the  16  MMIC  chips  as  the  actual 
excitations  for  the  corresponding  radiating  elements.  The 
theoretical  gain  values  then  need  to  be  adjusted  for  the 
dissipative,  reflective,  and  other  loss  factors  encountered  In  the 
array.  A  comparison  was  made  between  the  theoretical  and  measured 
array  performance.  Theoretical  active  array  gain  and  pattern 
performance  at  19.5  GHz  were  calculated  by  using  the  measured  chip 
data  in  Tables  2  and  3  as  element  excitations.  The  calculated  gain 
was  then  adjusted  for  the  dissipative,  reflective,  arid  other  loss 
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figure  12  Sub*rr»y  Element  Identification 


Table  6  Measured  Circular  Polarization  Gain  of  the  16-E!ement  Subarray 


Measured  Gain 

Parameters 

19.5  GHz 

20  GHz 

20.3  GHz 

Measured  Peak  Linear  Gain  (dB) 

S.  3 

7.9 

4.8 

Correction  for  Axial  Ratio  (dB)* 

+  1.6 

+  1.6 

+  1 .4 

Circular  Polarization  Gain  (dBlc) 

10.9 

9.5 

6.2 

21.9 


factors  encountered  in  the  array  as  tabulated  in  Table  7.  The 
estimated  active  array  losses  for  beams  at  broadside  and  0  -  20° 
are,  respectively,  -5.8  dB  and  -7.1  dB.  Assuming  a  perfect  circular 
polarization,  the  calculated  active  array  broadside  beam  gain  is  16 
dBIc  without  accounting  for  the  array  loss.  Thus,  the  calculated 
array  gain  adjusted  for  the  loss  for  the  broadside  beam  is  10.2  dBic 
compared  with  10.9  dBic  measured.  For  the  beam  scanned  to  9  -  20°, 
they  are  8.9  dBic  calculated  and  8.9  dBic  measured.  The  comparison 
of  the  calculated  and  measured  gain  values  is  excellent.  The 
calculated  and  measured  patterns  are  in  good  agreement  except  for 
the  sldelobes.  Although  the  sidelobe  level  is  fair,  the  discrepancy 
is  due  to  amplitude  and  phase  errors  not  accounted  for  in  the 
theoretical  modeling.  In  particular,  the  phase  setting  for  each 
chip  was  referenced  to  zero  degree.  The  zero  degree  point  was  not 
verified  experimentally.  Table  8  summarizes  the  calculated  and 
measured  array  performance. 
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Integration  of  a  K-band  MMIC  phased  array  was  demonstrated  with  this 
16-element  subarray  hardware.  The  MMIC  receive  chip  performance  was 
less  than  desirable;  however,  Improvement  can  easily  be  achieved 
with  additional  iterations.  A  successful  MMIC  processing  approach 
has  also  been  demonstrated  with  a  yield  of  48  percent  (42  RF 
functional  chips  out  of  “87  total  from  a  single  wafer),  a  very  high 
yield  on  a  complex  analog  GaAs  MMIC  module  at  K-band. 


TABLE  7  ACTIVE  ARRAY  LOSSES  (dB) 


Parameters 

Broadside 

Beam 

Beam  Scanned 
At  0=  20° 

Reflection 

Power  Divider  (1.6:1  Avg.) 

0.9  (Avg.) 

" 

Element  2.1:1 

0.6 

Dissipative  Losses 

Quartz  Line  (1.5  dB/ 1 n . ) 

0.4 

il 

Power  Divider  (1.2  dB/ 1  .) 

2.9 

it 

Feed-thru 

0.3 

il 

Wire  Bonds  (0.1  dB/bonJ) 

0.2 

il 

Other  Losses 

Cross-Pol 

0.5 

il 

Phase  Quantization 

- 

0.9 

Beam  Scan  at  20° 

0.4 

TOTAL  LOSS 

5.8  dB 

7.1  dB 

Table  8  Calci  lated  and  Measured  Antenna  Pattern  Performance  at  19.5  GHz 


Pattern 

*-  Performance 

— 

Broadside 

Main  Beam  Scanned 

To  (O^O") 

Measured 

Calculated 

Measured 

Calculated 

Gain  (dBIc) 

10.9 

10.2 

8.9 

8.9 

Beamwldth  (Deg.) 

30.0 

29.0 

28.0 

31  .2 

SLL  (dB) 

-18.0 

-37.5 

-12.0 

-24.3 

. 

'll 


C 


For  the  16-element  array  hardware,  there  are  a  total  f  768  wire 
bonds  performed  for  the  DC/Logic  connections  (4  wire  bonds  per 
control  line  X  12  l'nes  per  chip  X  16  chips).  This  Is  definitely 
prohibitive  In  terms  of  reliability  and  cost  for  practical  array 
applications.  An  on-chip  digital  module  for  DC/Logic  control 
functions  Is  recommended  to  reduce  the  number  of  wire  bonds. 
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Abstract 

The  far-field  antenna  patterns  of  array  microwave  systems 
can  generate  large  side  lobe  irradiances.  The  purpose  of  this 
research  was  to  design  array  systems  which  had  far-field 
patterns  which  exhibited  side  lobe  irradiances  less  than  that 
of  a  perfectly  transmitting  circular  antenna  and  central  lobe 
widths  no  greater  ^ h » « Pi  ttst  of  ci  cingie  Icirge  3 r» t. s n n 3  of  cin 
equivalent  diameter.  Antenna,  array  systems  composed  of  19,  37, 

61,  and  91  antennas  satisfied  these  performance  criteria. 
Further  analysis  indicated  that  central  obscurations  lowered 
the  maximum  side  lobe  irra  nance  in  the  19  antenna  arrays. 

Also,  random  dephasing  of  the  antennas  caused  degraded 
performance  of  the  arrays.  The  ability  to  steer  the  arrays 
using  phase  variations  was  investigated.  The  effects  of  a 
non t unct i on l ng  antenna  In  the  19  antenna  array  was  studied. 


Introduction 


INTRODUCTION 


The  purpose  of  this  research  was  to  design  and  analyze 
multi-element  systems  (phased  arrays)  which  exhibited  maximum 
side  lobe  gain  to  central  lobe  gain  ratios  wh  i.ch  were  less  than 
that  of  a  srngle  large  antenna;  i  .  e  .  - 1 7 . 6d  B .  In  addition,  the 

resulting  far-field  antenna  patterns  would  have  central  lobe 
widths  which  were  equal  to  or  less  than  that  of  a  single  large 
antenna  of  equivalent  diameter. 

There  are  many  applications  of  phased  array  antenna 
systems.  One  application  of  phased  array  systems  is  that  of 
power  transmit  sion.  To  maximize  irradiance  on  a  target  or 
another  receiving  antenna,  a  hign  gain  antenna  is  required, 
typically  a  parabolic  dish  in  a  Cassegrain  configuration. 

There  are,  unfortunately,  manufacturing  limits  when  building 
extrememly  large  antennas,  especially  when  mobility  of  the 
system  may  be  required.  In  addition,  practical  limits  of  che 
effective  aperture  arise  when  considering  air  breakdown  when 
transmitting  at  hiqh  power's.  Arrays  of  circular  antennas  may 
provide  a  suitable  alternative  tc  single  large  antennas. 

Toraldo  Di  Francia'  examined  t. tie  it- duct,  ion  of  side  Lobes 
in  proximity  to  t li e  central  lobe  wh  i  L e  narrowing  t  h e  central 


lobe  of  the  far-field  diffraction  patterns  of  a  single  optical 
aperture.  Although  Di  Francia's  results  considered  optica.1 
frequencies,  the  results  are  equivalent  to  the  microwave 
frequencies  if  one  allows  the  A/D  ratio  to  remain  co  stant 
where  D  is  the  size  of  the  optic  or  antenna. 

The  research  reported  here  extended  Toraldo  Di  Francia's 
summation  of  complex  field  amplitudes  generated  by  concentric 
rings  to  array  (antenna  array)  systems.  The  approach  consisted 
of  designing  antenna  array  systems  composed  of  concentric  rings 
of  identical  circular  antennas  which  were  analogous  to  the 
concentric  thin  rings  on  a  single  large  aperture.  These 
systems  were  comprised  of  one  to  six  rings  of  antennas  yielding 
antenna  totals  of  19,  37,  61,  and  91.  In  all  cases,  the 
secondary  maxima  gain  to  central  lobe  gain  ratios  of  the 
far-field  antenna  patterns  for  each  antenna  array  was  less  than 
that  of  the  perfectly  transmitting  single  large  antenna.  In 
addition,  the  central  lobe  w:  t.hs  generated  by  these  systems 
were  equal  to  that  of  a  single  large  aperture  of  equivalent 
diameter .  This  was  expected,  of  course,  because  the  vci iuus 
arrays  of  antennas  were  constrained  in  size  to  just  fit  within 


the  single  large  antenna. 


Theory 


The  analysis  consisted  of  examining  the  far-field  antenna 
patterns  produced  by  imaging  a  point,  source  through  each 
antenna  array.  The  electric  field  pattern  of  an  individual 
circular  element  in  the  far-field  is  given  by  : 


E  (  u  ,  v  )  =  2TTa2J1[(u2  +  v2)1/2] 

^"^TT2^ 


<  i  > 


where 


u  -  2TTax 


and 


v  =  27Tay 


Ar 


Ar 


(  2  ) 


and  "a"  =  the  element  radius,  x  and  y  are  the  cartesian 
coordinates  in  the  target  plane,  A  is  the  wavelength,  and  R  is 
the  distance  to  the  foca  plane. 

In  the  case  of  an  array  of  circular  antennas,  the  electric 
field  in  the  far-field  is  given  by: 


£„,  (  u  ,  v  ) 
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This  electric  field  pattern,  excluding  nr.  nessential 
proportionality  factors,  is  proportional  to  the  Fourier 
transform  of  the  transmittance  of  the  ax  lay  patter  n  .  The 
array  pattern  can  be  expressed  as  the  convolution  of  one  of  i  tie 
antennas  with  an  array  of  delta  functions  which  describe  the 
location  of  the  centers  of  each  antenna.--^  an  t  n  r.a  s  we  it* 


contained  within  each  array  were  identical  circular  antennas - 


In  this  analysis,  N  was  the  number  of  antennas  in  the  system, 

0^  was  the  angular  position  of  each  antenna  in  degrees  from  the 

x  axis;  and  p  was  the  radial  distance  of  the  nth  antenna  from 
n 

the  origin  of  the  system  and  was  expressed  in  terms  of 
multiples  of  the  antenna  radius.  Uniform,  monochromatic 
illumination  cf  these  apertures  was  assumed. 

A.  Far -Field  Antenna  Patterns  for  Concentric  Rings  of  Apertures 

The  antenna  array  systems  examined  were  comprised  of 
concentric  rings  of  identical  circular  antennas  with  a  single 
antenna  at  the  origin.  The  single  antenna  was  surrounded  by 
9i.  x  antt*n.n^.£  whicli  just  contdct^d  p  a  c  h  other  and  thu  con  ter 
antenna  (Figure  1).  Ail  of  the  array  systems  were  constrained 
to  just  fit  inside  of  a  single  large  antenna  of  constant  radius 
a  .  As  a  result,  the  sub antenna  radii  of  the  array  systems 
nad  to  be  adjusted  appropriately. 

In  order  to  describe  the  far-field  diffraction  patterns  of 
these  systems,  a  geometric  analysis  was  performed  ter  the 
concentric  rings  of  identical  circular  antennas.  This  analysis 
was  combined  with  equation  (1)  to  yield: 

E  (  u  ,  v  )  -=  2TTa  *  +  v"  )  1  7  2  1 

m  r  e  f  1 

2  2  21/2 
i  ( 2 )  (  t ings  )  H  I  ( u  +  v  )  ' 

N. 

x  e  x  p  [  -  l  m  (  u  p  ljsu  t  v  p  sinH  )  /  a  ]  ,  •(  4  ) 

,  n  n  n  n 

:i  1 


which  describes  the  antenna  pattern  generated  by  each  ring  of 


antennas.  Some  of  the  variables  in  this  equation  ait.1:  1  mgs  - 

number  of  rings  which  comprise  a  particular  array  system 
"m"  respresents  a  particular  ring  beginning  with  m  =  1  as  the 

ring  closest  to  the  origin  at  an  antenna  radius  of  2a  i Figure 
2a),  m  *  2  as  the  next  ring  with  a  radial  distance  of  4a 
(Figure  2b) .  etc.  The  frequency  of  the  complex  field 
amplitudes  generated  by  each  ring  is  determined  by  the  argument 
of  each  exponential.  For  the  rings  that  are  rurther  from  rhe 
origin,  i.e.  as  2m  increases,  the  antenna  patterns  exhibit 
higher  frequencies.  However,  the  rings  located  in  proximity  to 
the  origin  produced  lower  frequency  field  amplitudes. 

The  total  antenna  pattern  of  the  array  system  is  a 
Summation  of  tile  complex  field  amplitudes  of  caul*  of  the  r  i  r.  g  c  - 
This  coherent  summation  of  the  electric  field  amplitudes  yields 
the  following  complex  field  amplitude  at  the  focal  plane: 

E  ( u,v)  =  E  ( u  ,  v )  +  E  ( u , v )  +  E  ( u , v )  +  +  E  ( u , v )  ,  (5) 

M  u  i  z  •••■in 

where  E ^ ( u , v )  is  the  eLectric  field  patte;  lor  the  single 
antenna  located  at  the  origin. 

The  fair-field  irradiar.ee  patterns  were  calculated  using 
2 

the  relationship: 

I  (  u  ,  v  )  ~  E  (  u  ,  v  )  E  (  u  ,  v  )  .  (  6  ) 


Equations  (3),  (4),  and  (5)  formed  the  basis  for  the 


calculations  of  the  far -field  antenna  patterns  which,  in 
were  used  to  determine  the  performance  of  the  concentric 
antenna  array  systems. 


turn, 

ring 


RESULTS 


The  purpose  of  this  research  was  to  design  and  analyze 
antenna  array  systems  which  had  far-field  antenna  patterns 
characterized  by  maximum  side  lobe  to  central  lobe  gain  ratios 
which  were  less  than  that  of  a  single  large  antenna;  i.e. 
~17.6dB.  In  the  resulting  antenna  patterns,  the  central  lobe 
widths  were  evaluated.  The  theoretical  far-field  antenna 
patterns  of  arrays  composed  of  three  to  91  elements  (antennas) 
were  examined.  Far-field  c  a  1  c  u  1  <  '.ions  and  side  lobe 
comparisons  were  performed  for  these  arrays  with  and  without 
obscurations.  Dephasing  of  individual  elements  (jitter)  and 
steerability  were  examined  for  the  19  (rotated),  37,  61,  and  91 
element,  systems.  Finally,  the  19  antenna  (rotated)  system  was 
examined  for  its  far-field  performance  with  nonfunctioning 
elements . 

Figure  3  displays  the  antenna  arrays  which  were  analyzed 
as  well  as  t)ie  equivalent  single  aperture.  The  antenna  array 
ls.ve)  ed  ''19  elements  (rotated)"  differed  from  the  standard  19 
element  array  in  that  the  outer  ring  of  12  antennas  were 
rotated  6.76°  with  respect  ot  the  inner  ring.  In  each  case,  the 
radius  of  each  antenna  array  system  was  equal  to  that  of  the 
is  ingle  large  antenna. 

In  this  research,  it  has  been  assumed  that  there  was  no 
coupling  between  the  individual  antennas  and  that  each  antenna 
wa  *■  at  least  1 0  w  •  ve  I  engt  he  in  diameter.  This  last  as  snmpt  :  or 


ensures  that  there  are  minimal  effects  on  the  far-fieid 
diffraction  patterns  due  to  edge  effects  ^ ■  For  each  antenna 
system,  the  antenna  radiation  patterns  were  calculated  using 
equation  (6)  and  converted  to  dB.  Each  antenna  pattern  was 
normalized  to  a  unity  peak  mainlobe  gain  so  that  the  aide  lobe 
to  main  lobe  comparisons  co\t  id  be  made. 

Figure  4  is  the  diffraction  pattern  for  a  single  large 
element  plotted  in  units  of  dB.  The  first  sidelobe  is  the 
largest  at  17.6dS  below  that  of  the  mainlobe  (because  of  the 
low  sampling  rate  along  the  U  axis,  the  lobe  structure  will 
appear  to  be  jagged).  The  single  antenna  pattern  is  circularly 
symmetric.  However,  the  multi-antenna  patterns  are  not.  The 
succeeding  array  gain  patterns  are  displayed  using  this  format. 
Eacl  figure  represents  a  planar  cut  of  the  pattern  which 
includes  the  largest  side.lobe. 

Side  I.  ■  ibe  to  Central  Lobe  Gain  Analy  sis 

Representative  patterns  are  shown  in  Figures  ''a,  b and.  C; 
These  are  the  far-fieid  patterns  for  the  4 ( square ) ,  7,  and  19 

(rotated)  antenna  ariays,  respectively.  The  maximum  sideloben 
for  the  4  element  a. ray  were  only  lO.OdB  below  the  mainlobe  and 
15.8dB  below  the  mainlobe  for  the  7  antenna  array.  These  two 
systems  did  not  exhibit  side  lobe  to  mam  lobe  ratios  less  than 
that  of  the  single  large  antenna  system.  However,  The  19,  19 

(rotated),  37,  61,  and  91  array  systems  exhibited  maximum  side 

o-'.nt.ral  lobe  gain  ratios  which  were  less  than  -17.6dB. 


lobe  to 


The  19  antenna  (rotated)  array  exhibited  the  lowest-  side  lobe 


gain;  i.e.  -1S.6dB.  As  the  number  of  antennas  increased,  the 
side  lobe  to  central  lobe  gain  ratios  increased,  but  did  not 
exceed  the  single  large,  antenna  value  of  - 1 7 . 6 d B .  Figure  6 
depicts  the  results  of  this  analysis  for  both  clear  apertures 
and  apertures  with  a  20%  central  obscuration  (the  obscuration 
simulates  the  addition  of  feed  horns  or  Cassegrain  secondary 
ref  lectors ) . 

Figures  7a  through  c  illustrate  the  reason  for  the  reduced 
maximum  side  lobe  to  central  lobe  gain  ratios.  Values  for 
these  particular  configurations  of  the  antennas.  The  19 
antenna  system,  depicted  in  the  upper  right-hand  corner,  was 
used  to  illustrate  this  effect.  Figure  7a  is  the  calculated 
electic  field  amplitude  in  the  far-field  due  to  the  cuter  ring 
composed  of  12  antennas.  Figure  7b  represents  the  addition  of 
the  field  amplitudes  from  the  outer  (12  antennas)  and  inner  (6 
antennas)  rings.  Figure  7c  is  the  field  amplitude  generated  by 
all  19  antennas.  The  side  lobe  heights  are  considerably  less 
than  that  generated  solely  by  the  outer  ring.  (It  should  be 
noted  that  there  is  a  considerable  difference  between  the  side 
lobe  irradiances  of  the  arrays  being  examined  in  this  research 
and  a  19  antenna  close-packed  array  system  (Figure  8).  Even 
though  this  system  is  very  similar  to  the  19  antenna  (rotated) 
system,  the  close-packed  system  yields  a  maximum  side  lobe 
irradiance  value  of  16.6dB  below  that  oi  the  central  lobe  gain. 
This  maxima  is  61%  greater  than  that  of  the  19  antenna  array 
with  the  outer  ring  rotated  6.76°). 


Figures  9a  through  f  illustrate  the  far-field  radiation 


patterns  of  the  single  large,  19,  19  (rotated),  37,  61,  and  91 

antenna  systems,  respectively.  Each  pattern  is  the  calculated 
far-field  modulus  v/hich  is  the  square  root  of  the  irradiance  of 
equation  (4)).  As  the  number  of  antennas  increased  from  19, 
the  structured  side  lobes,  evidenced  by  the  pronounced  peaks, 
moved  further  from  the  central  lobe.  The  irradiance  of  the 
these  structured  lobes  decreased  as  the  number  of  antennas 
increased.  As  the  number  of  antennas  increased,  the  antenna 
patterns  more  closely  resembled  that  of  the  single  large 
antenna.  In  addition,  the  irradiance  of  the  side  lobe  ring 
nearest  the  central  lobe  increased.  For  the  37,  61,  and  91 
antenna  systems,  the  maximum  side  lobe  values  were  located  in 
the  first  rings.  As  depicted  in  Figure  6,  as  the  number  of 
antennas  increased,  the  value  of  the  first  side  lobe  disk 
approached  the  value  of  the  first  side  lobe  disk  of  the  single 
large  antenna. 

Po  n  b  v  a  1  T.n  UJ  i  H  Vi  A  n  a  1  p  i  o 


Using  Figures  9a  through  f,  each  of  the  antenna  patterns 

was  analyzed  to  determine  the  central  lobe  width  generated  by 

each  array  and  compaied  to  the  central  lobe  width  •  •  f  the  single 

large  antenna.  The  results  indicated  that  the  central  lobe 
,  4 

widths  were  equal.  Harvey  et.  a).,  arrived  at  the  same 
conclusions  using  close- packed  synthetic-antenna  systems 
composed  of  3,  7,  anu  19  subapei  cures  ich  had  t.he  game 
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equivalent,  diameter  as  a  single  large  aperture.  Also,  O'Neill 
illustrated  that  the  central  lobe  width  of  a  synthetic  array 
was  "characterized  by  its  largest  dimension." 

Central  Peak  Irradiance  Analysis 

The  next  portion  of  this  analysis  was  an  examination  of 

the  central  peak  irradiance  ratios  of  the  antenna  arrays.  The 

peak  gain  for  a  circular  antenna  array  will  be  less  than  that 

of  a  single  antenna  which  circumscribes  the  array.  The 

electric  field  pattern  of  the  single  large  antenna  (equation 

(2))  is  directly  proportional  to  the  area  of  this  antenna  of 

radius  are£ •  On  the  other  hand,  the  electric  field  pattern  of 

an  array  of  antennas  which  just  fit  inside  of  this  large 

antenna  is  proportional  to  the  area  of  one  of  the  antennas 
2 

(1Ta~)  which  comprise  the  array  times  the  summation  of  plane 
waves  generated  by  each  antenna  (equation  (3)).  In  order  to 
find  the  central  peak  irradiance  ratios,  the  far-field 
irradiance  patterns  (I)  were  calculated  for  the  focal  plane 
coordinates  u  =  v  =  0.0.  This  yields: 

IM(0,0)  (NtTa2)2 

N _  —  _ 

Ic(0,0)  (7Ta,2)2  (7) 

S  ref 

where  N  is  the  number  of  antennas  in  the  particular  antenna 
array.  ''able  1  displays  the  irradiance  ratios  for  the  arrays 


considered  . 


Table  1 


Peak  Irradiance  Ratios  for  Multi-Element  Arrays 


Array 


IN(0'0)/IS(0'°) 


Single  1.000 

3  0.417 

4  0.197 

4 { square )  0.471 

7  0.605 

19  0.578 

37  0.570 

61  0.567 

91  0.566 


The  7  element  system  exhibited  the  largest  central  lobe 
peak  irr«diance  ratio  whereas  the  4  element  array  displayed  the 
lowest  ratio. 


Jitter  Analysis 

The  far-  field  patterns  generated  by  the  multi-element 

arrays  were  sensitive  to  the  relative  dephasing  of  the  array 

9-14 

elements  •  To  illustrate  this  dep basing,  the  outer  ring  of 

antennas  of  the  7  antenna  system  was  shifted  in  phase  by  A/10 
with  respec*  to  the  central  element.  A  close  examination  of 
Figures  10a  and  b  indicate  that  the  relative  dephasing  caused 
the  side  lobe  patterns  to  symmetrically  increase  in  amplitude 
and  shift  in  position.  Dephasing  two  of  the  outer  r  n  g 
elements  {separated  by  1  element)  by  A/10  with  respect  to  the 
rest  of  the  array  has  an  adverse  affect  on  the  far-fi.  eld 
diffraction  pattern  (Figure  I  0  c )  .  The  si de lobe  patterns 
exhibit  a  marked  asymmetry  with  an  increase  in  amplitude. 


Calculations  were  then  performed  to  analyze  the  random 
element -to-element  jitter  for  the  19  (rotated,,  37,  61,  and  91 
element  arrays.  Jitter,  in  this  context,  is  defined  as  the 
random  shifting  of  phase  through  the  elements  with  respect  to 
each  other  into  and  out  of  the  antenna  plane.  The  calculations 
were  performed  using: 


N 

E„(u,v)  *  E ( u , v )  *£exp [ " i ( up  cose  +vp  sine  )/a]exp(i0  ) 
N  n  nn  nn 


(  8  ) 


where  E(u,v)  is  the  electric  field  generated  by  any  single 
antenna  of  the  arruy  and  ^  is  the  phase  associated  with  each 
antenna.  The  phase  values  for  each  element,  in  terms  of 
were  randomly  generated  using  a  Gaussian  distribution  and 
ranged  between  the  following  values: 


-0.012 5A -  -  +0.0125A 
-C.0250A —  +0.0250A 
-G.0375A —  +  0.0375A 
-0 . 0500A  --  +0 . 0  5  0  0A 

where  the  extreme  ranges  are  the  3  sigma  values. 

Figure  11  illustrates  tue  effect  of  the  jitter  on  the 
far-field  diffraction  pat-.ern  on  the  19  element  (rotated) 
array.  The  effect  is  manifested  by  asymmetry  and  increased 
amplitude  of  the  sidelobe  patterns. 

Figure  12  i  ;•  a  complication  of  maximum  side  lobe  val  ues 
generated  by  the  19  (rotated),  37,  61,  and  91  element  systems 
experiencing  varying  degrees  of  jitter.  For  each  range  of 


jitter  values,  the  maximum  side  lobe  value  was  determined  10 


times .  The  RMS  value  was  computed  from  these  side  lobe 
irradiances.  The  x  axis  itf lects  the  total  range  of  the  3 
sigma  values  that  were  mentioned  previously.  In  all  cases,  as 
seen  in  Figure  12,  the  magnitude  of  the  maximum  side  lobe 
increased  as  the  jitter  value  increased.  The  19  element 
(rotated)  system  exhibited  he  lowest  side  lobes  for  each 
jitter  value  up  to  a  jitter  value  of  approximately  0.075X. 

This  superior  performance  can  be  attributed  to  the  act  that 
this  system  had  the  lowest  side  lobe  irradiances  before  jitter 
was  introduced.  However,  it  is  evident  that  the  rate  at  which 
the  side  lobes  grew  was  inversely  proportional  to  the  number  o f 
elements  in  the  system.  This  is  apparent  in  the  slopes  of  the 
curves,  particularly  between  3  sigma  jitter  values  of  .050\and 
.  1 00X  . 


The  next  portion  of  this  research  was  an  examination  of 
t.hp  ability  mi  steer  the  central  lobes  using  phase  variations 
of  the  individual  elements  of  each  of  the  multi-element 
systems.  Crockett  and  Strange15  examined  the  ability  to  steer 
the  central  lobe  of  a  seven  element  close-packed  system  by 
smoothly  and  lineorily  varying  the  phase  across  its  face.  This 
researach  uti 1 izes  the  same  steering  technique  wnere  each 
antenna  was  assigned  a  discrete  phase  value.  Tilting  the 
incoming  piane  wave,  which  illuminated  each  of  the  systems,  is 


another  way  of  visualizing  the  varying  phase  difference  across 


the  face  of  the  antenna  array  systems*  The  magnitudes  of  the 
phase  difference,  i.e.  the  steering  magnitudes,  across  the  face 

of  these  systems  were: 

0.0A  --  i/2 

O.QA  --  A 
0.0A  --  3A/2 

0  .  OA  --  2A 

where  the  0.0X  value  was  at  one  edge  of  the  element  system  and 
the  maximum  phase  magnitude  value  is  located  at  the  opposite 
edge°  Equation  (8)  was  used  to  calculate  the  far-field  antenna 
patterns  for  this  steering  technique. 

Figures  13a  and  b  illustrate  the  effects  of  steering  the 
central  lobe  of  the  19  (rotated)  and  91  element  systems  using 
the  technique  described  above.  The  first  plot  of  each  series 
is  the  ideal  far-field  diffraction  pattern  for  each  system 
without  attempting  to  phase  steer  the  central  lobe.  The  second 
plot  employs  the  0.0X  to  X  phase  difference  across  the  face  of 
the  multi-element  system.  Finally,  the  third  plot  of  each 
series  illustrates  the  O.OXto  2X  steering  magnitude.  The 
dashed  cur-as  or.  the  second  and  third  plots  are  the  envelope 
functions  which  were  generated  by  a  single  element  of  each 
respective  system.  These  plots  indicate  that  the  movement  and 
relative  gain  of  the  central  lobes  were  constrained  by  the 
envelopes  of  each  system.  In  addition,  the  further  the  central 
lobe  was  moved  from  the  optical  axis,  the  greater  the  gain  of 
the  side  lobes.  Since  the  central  lobe  dimension  of  envelope 
function  of  the  19  element  (rotated)  system  was  considerably 
narrower  than  that  of  the  91  element  system,  the  central  robe 
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experienced  an  accelerated  gain  loss  as  compared  to  the  91 
system . 

Nonf unctioning  Elements 

The  final  portion  o •  this  research  examined  the 
performance  of  the  19  antenna  (rotated)  array  with  one  of  the 
19  elements  nonfunctioning.  The  far-field  antenna  patterns 
were  examined  when  each  of  the  19  antennas  had,  in  turn,  zero 
transmittance.  The  performance  of  the  system  was  determined 
using  the  maximum  side  lobe  values.  The  maximum  sidelobe 
values  ranged  from  -15.85  to  -15.43dB  with  an  RMS  value  of 
-15 . 68dB . 

Figures  14a  a  d  b  illustrate  the  modulus  of  the  far-field 
diffraction  patterns  for  the  cases  of  a  nonfunctioning  .ntenna 
in  the  inner  and  cater  rings,  respectively.  In  both  cases,  the 
patterns  exhibited  an  increase  in  the  side  lobe  values.  The 
most  noticeable  effects  occurred  in  the  side  lobes  which  ware 

■.  v\  v-  « ,  •  m  '  e  . .  4-  *  V.  ^  ^  v*  .  1  1  ..  V-v  ^ 

1  U  ^  1  A  1  Ut  x  W  jr  U  W  t  11  V  V.  1.  ti  L  1  U  1  \-t  Kf  V-  • 
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Conclusions 


This  research  examined  array  systems  which,  according  to 
two  criteria,  could  perform  as  well  as  a  single  large  antenna 
with  an  equivalent  diameter.  The  array  systems  examined  were 
composed  of  19,  37,  61,  and  91  circular  antennas  arranged  in 

concentric  circles. 

The  secondary  maxima  for  each  of  tnese  systems  was  less 
than  that  of  the  single  large  antenna.  The  19  antenna  system 
with  the  outside  ring  rotated  6.75°  exhibited  the  lowest 
maximum  side  lobe  gain  with  a  value  of  18.6dB  below  the  central 
lobe.  In  all  cases,  the  antenna  radiation  patterns  of  the 
array  systems  had  central  lobe  widths  equal  to  that  of  the 
single  large  antenna  system. 

This  research  also  analyzed  the  far-field  antenna  patterns 
for  the  effects  of  central  obscurations  in  each  of  the 
2  n  t  c  i)  r.  d  s  ,  tsndon*.  p  h  d  s  g  fluctiidtions  {  j  i  1 1  s  2T }  t  st6srdbilit.y 
using  a  smoothly  and  linearly  phase  difference  across  the  face 
of  each  system,  and  nonfunctionjng  elements.  The  results 
indicated  that  for  central  obscurations,  side  lobe  values 
actually  were  reduced  for  the  19  and  19  (rotated)  element 
systems  when  compared  to  the  perfectly  transmitting  system. 

When  jitter  was  introduced  into  each  of  the  systems,  the  side 
obe  values  increased  and  th  a  far-field  antenna  patterns 
exh: breed  asymmetry.  I  he  19  element  (rotated)  system  was  able 


to  sustain  the  greatest  amount  of  jitter  and  continue  to 
exhibit  side  lobe  values  equal  to  or  less  than  -  1  7  .  6  d  B  .  The 
multi-element  systems  are  capable  of  being  phase  steered, 
however,  the  side  lobe  values  began  to  increase  rapidly  with  a 
corresponding  decrease  in  central  lobe  gain.  The  91  antenna 
system  exhibited  a  superior  steering  ablility  when  compared  to 
the  other  multi-element  systems.  Finally,  single 
nonfunctioning  elements  in  the  19  element  (rotated)  system 
caused  a  degradation  in  far-field  antenna  patterns  with  an 
increase  in  side  lobe  values. 

It  has  been  demonstrated  that  array  (antenna)  systems  can 
exhibit  large  side  lobes.  This  analysis  has  demonstrated  that 
there  are  multi-telescope/antenna  designs  which  actually 
reduce  side  lobes  below  that  of  a  single  large  telescope 
(antenna).  When  used  for  imaging  applications,  such  as  Ladar, 
Radar,  and  astrophysical  observations,  reduction  of  the  side 
lobes  could  improve  the  two  point  resolution  of  these  systems. 
The  antenna  arrays  discussed  in  this  reseach  could  also  be 
utilized  tor  power  transmission. 

In  addition  to  the  array  approach  to  this  research,  one 
could  interpret  these  systems  as  single  large  antennas  that 
have  a  form  of  edge  tapering.  Reducing  the  transmittance  of 
certain  small  portions  of  the  antenna  to  0.0  will  reduce  the 
side  lobe  values  as  compared  to  that  ot  a  single  large  antenna 
with  no  tapering  and  improve  the  imaging  properties. 
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DUAL-POLARIZED,  COMMON-APERTURE  MONOPULSE  ANTENNA 
R.  Kligftr,  R.  Mariano,  N„  Sa,  J.  Toth 

ABSTRACT 


A  unique,  linearly  polarized  microstrip  antenna  has  been  developed  and 
tested.  This  antenna  has  the  capability  of  being  used  as  a  light¬ 
weight,  thin  profile,  overlay  retrofit  to  existing  linearly  polarized, 
slotted  waveguide  arrays.  Together,  the  two  apertures  constitute  an 
antenna  system  that  provides  two  independent,  orthogonal,  linear 
polarizations. 

The  tnicrostrip  antenna  consists  of  an  array  of  microstrip  dipoles, 
capacitively  fed  by  feed lines  running  underneath  the  dipoles.  The 
dipoles  are  grouped  in  "subarrays"  and  are  fed  from  conmon  feedlines 
routed  midway  between  the  ends  of  the  waveguide  slots.  In  order  to 
minimize  coupling  between  the  feedlines  and  the  slots,  the  feedlines 
are  positioned  very  close  to  the  microstrip  groundplane.  The 
microstrip  dipole  3ub-arrays  are  strategically  positioned  such  that 
the  dipoles  lie  between  the  waveguide  slots.  Cutouts  in  the 
raiorostrip  antenna  located  above  the  waveguide  slots  allow  the  slots 
to  radiate  undisturbed.  Measurements  have  shown  negligible 
degradation  in  performance  of  either  antenna  when  integrated  in  a 
single  aperture. 

INTRODUCTION 

For  typical  linearly  polarized  monopulso  seeker  antennas,  receive 
signal  depolarizati-  ■  introduces  unacceptably  large  error  in  the 


determination  of  the  direction  to  the  target  (i.e.,  the  direction 
indicated  by  the  processed  nonopulse  data  will  differ  from  the  true 
boresight  direction).  For  seekers  mounted  within  highly  curved 
radomes,  incident  signal  depolarization  effects  result  in  induced 
boresight  error  in  the  monopulse  system.  This  situation  becomes 
intolerable  when  the  incident  signal  polarization  i3  nearly  orthogonal 
to  the  expected  antenna  polarization  and  produces  large  swings  in 
boresight  error. 


One  oethod  of  reducing  the  susceptibility  of  radome  enclosed  seeker 
antennas  to  depolarization  effects  is  to  provide  a  means  of  detecting  the 
orthogonal  polarization  component.  It  can  be  shown  that  a  complete 
set  of  orthogonally  polarized  raooopulse  system  outputs  can  be 
processed  to  eliminate  seeker  polarization  dependence.  For  this  case, 
the  seeker  antenna  requires  separate  sum  and  difference  channel 
outputs  for  two  orthogonal  '.'olarizations.  Tne  antenna  configuration 
presented  herein  is  one  approach  for  providing  this  dual  polarization 
capability. 


Other  dual  polarization  antenna  configurations  (reflectors, 
flatplates,  etc.)  have  been  developed  in  the  past;  but  in  most  cases, 
these  systems  were  large,  cumbersome  and  settled  for  degraded  primary 
polarization  performance  to  achieve  the  additional  capability.  The 
common  aperture  monopuLse  antenna  presented  here  provides  orthogonal 
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polarization  performance  by  superimposing  a  microstrip  dipole  aperture 
over  a  conventional  waveguide  flatplate  seeker  antenna  without 
significant  performance  degradation  to  the  primary  antenna.  A  diagram 
of  the  combined  waveguide/microstrip  radiating  structure  is  shown  in 
Fig.  1, 

The  composite  microstrip/waveguide  flatplate  aperture  provides  a  very 
low  profile,  high  performance  antenna  configuration.  The  waveguide 
flatplate  primary  antenna  provides  the  typical  high  gain,  pencil  beam 
performance  required  by  present  day  seekers.  The  microstrip  antenna 
(which  can  be  designed  as  a  retrofit  to  an  existing  waveguide  antenna) 
provides  a  low  height  add-on  aperture  with  a  design  topology  allowing 
the  primary  antenna  slots  to  radiate  with  minimum  obstruction. 

Although  the  microstrip  aperture  provides  less  gain  due  to  increased 
feed  losses,  other  performance  parameters  (such  as  beamwidth,  raonopulse 
slope  and  sidelobes)  can  be  maintained. 

Both  waveguide  and  microstrip  apertures  utilize  partially  integrated 
array  feed  networks  to  minimize  loss,  each  aperture  can  be  easily 
connected  to  an  appropriate  3  (or  4)  channel  monopulse  network  to 
provide  a  very  compact,  reliable,  dual  polarized  monopulse  system.  In 
addition,  each  component  and  system  can  be  manufactured  and  tested 
prior'  to  final  integration  allowing  high  yield  at  final  assembly. 
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INDIVIDUAL  ANTENNA  CONSIDERATIONS 


A  major  advantage  of  the  present  approach  is  that  the  design  of  each 

aperture  (waveguide  and  microstrip)  can  be  performed  fairly 

independently.  The  design  of  slotted  waveguide  antennas  is  a  well- 
1-3 

documented  field  J  and  hence  is  not  discussed  here.  In  comparison, 
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the  design  of  microstrip  antennas  of  the  present  type  ’  13  a 

relatively  new  area  of  interest. 

The  microstrip  antenna  consists  of  dipole  sets  grouped  in  sub-arrays  and 
fed  from  common  feediines  (Fig,  Z) .  As  in  the  design  of  a  slotted- 
waveguide  sub-array,  the  microstrip  dipole  sub-array  is  modelled  by 
3hunt  elements  having  assigned  impedances  on  an  equivalent  transmission 
line.  Dipole  excitations  anu  input  impedances  are  calculated  using 
standard  transmission  line  methods.  Individual  dipole  impedances  are 
controlled  by  adjusting  the  dipole  length  and  the  dipole  offset  from  the 
feedline  (Fig.  3).  To  a  first  order  approximation,  a  dipole's 
resistance  is  controls  :  by  the  offset  while  the  reactance  is 
controlled  by  the  length.  Other  parameters  of  interest  are  the 
feediine  groundplane  spacing  and  the  dipole  groundplane  spacing. 


The  dipole  ground  plane  spacing  is  a  key  parameter  in  a  trade-off 
between  dipole  bandwidth  and  effective  dipole  impedance  contrc  . .  A 
large  dipole  groundplane  spacing  results  in  enhanced  bandwidth 
characteristics,  but  reduces  the  dynamic  range  of  realizable  dipole 
inpedances.  The  range  over  which  dipole  impedances  may  be  varied  is 
critical  to  the  control  of  sub-array  input  impedances  and  to  antenna 
sidelobe  levels.  The  antenna  bandwidth  is  primarily  affected  by  two 
factors  -  the  dipole  groundplane  spacing  (dipole  bandwidth)  and  the 
length  of  the  microstrip  feed  lines  (feed  bandwidth).  Figure  4  3hcws 
the  effect  dipole  groundplane  spacing  has  on  the  dipole  bandwidth  under 
conditions  used  in  a  recent  design.  The  role  that  feedline  length 
plays  on  bandwidth  is  due  to  phase  diapers Ion  across  a  given  sub-array 
at  the  edges  of  the  frequency  band. 

The  location  of  microstrip  dipoles  must  be  chosen  with  great  care 
as  to  avoid  grating  lobes  in  antenna  far -field  radiation  patterns. 

These  are  undesirable  and  are  caused  by  large  unpopulated  spaces 
between  microstrip  dipoles.  Normally,  grating  lobe  problems  are  not 
found  in  small  aperture  antennas  (approximately  5  wavelengths  in 
diameter).  However,  in  larger  aperture  antennas,  a  greater  number  of 
microstrip  dipoles  are  required  to  fill  the  aperture  area.  This 
requires  more  sub-arrays  which  in  turn  necessitates  a  more  complex  feed 
network.  The  number  of  sub-arrays  may  be  reduced  by  modifying  the 
manner  in  win. eh  dipoles  are  fed  from  the  feed linen. 


Figure  5  shows  two  possible  sub-array  configurations  as  well  as  a  cross 
section  view  of  a  sub-array  shewing  a  dipole,  the  feedline,  and  the 
ground  plane.  1.;  Fig.  5a,  the  dipoles  are  all  fed  from  the  same  side 
of  the  feedline  and  spaced  a  dielectric  wavelength  apart.  In  order  to 
use  this  geometry,  microstrip  feedlines  are  placed  between  every 
adjacent  pair  of  waveguide  slots  in  a  direct-ion  perpendicular  to  the 
axis  of  the  slot  (Fig.  1).  In  order  to  reduce  the  number  of  sub¬ 
arrays,  dipoles  can  be  spaced  at  intervals  of  half  a  wavelength  and  are 
alternately  fed  from  both  sides  of  a  given  feedli.ne  (Fig.  5b).  With 
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adjacent  slots  as  in  Fig.  2.  The  decreased  number  of  sub-arrays 
greatly  redo  :es  the  complexity  of  the  feed  network.  However,  such  a 
configuration  spaces  dipoles  far  enough  apart  to  result  in  the  presence 
of  grating  lobes  in  the  radiation  characteristics  of  the  mcrostrip  antenna. 


Figure  2  shows  the  overlay  of  the  micros trip  e.rcenna  feed  line  a  d 
dipole  layers  on  the  waveguide  slots  hoi  a  recently  developed  13  wavelength 
diameter  antenna.  The  irregular  spacing  of  the  microstrip  dipoles  is  a 
result  of  the  problems  discussed  above.  Figure  6  is  a  view  showing  the 
complexity  of’  the  feed  network  for  this  antenna.  This  antenna  does 
have  grating  lobes  in  its  radiation  cha  «  da ■’■istics  but  they  are  low 
enough  and  for  enough  from  U  ;  main  beam  not  to  adversely  affect 
system  performance. 


Measured  and  calculated  sum  channel  contour  plots  of  that  antenna  are 
shewn  in  Figs.  7  and  8  respectively.  The  grating  lobes  mentioned  above 
occur  in  planes  approximately  >15  degrees  with  respect  to  the 
horizontal.  Figure  9  is  a  phot  graph  showing  both  a  5  wavelength 
antenna  aperture  and  the  13  wavelength  aperture  discussed  above.  The 
smaller  antenna  does  not  exhibit  any  grating  lobe  problems  due  to  the 
relaxation  of  the  above  constraints  occurring  in  a  small  aperture. 

COMBINED  ASSEMBLY  CONSIDERATIONS 


The  key  problem  in  designing  a  dual-polarized  antenna  assembly  u3ing 

this  technique^  is  to  insure  that  the  desired  performance  of  each 

individual  antenna  is  achieved  without  degrading  the  performance  of  the 

other.  Since  the  waveguide  antenna  is  in  most  ca3ea  previously 

designed,  the  microstrip  antenna  rcust  be  designed  around  the  existing 

"host"  waveguide  antenna.  The  primary  design  task  is  to  locate  the 

microstrip  dipoles  in  areas  of  the  aperture  which  would  not  interfere 

with  the  radiation  of  the  waveguide  slots.  A  minimum,  safe  aveguide 

slot/microstrip  dipole  distar ce  can  be  established  via  a  series  of 

care  ul  laboratory  measurements .  The  microstrip  sub-array  feedlines 

should  be  positioned  midway  between  adjacent  slots  (as  in  Fig.  2)  and 

✓ 

as  cloae  to  the  ground  plane  as  practical.  This  is  done  tc- 

minimize  stray  radiation  coupling  into  the  waveguide  array  or  radiating 

into  free  space. 
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Dielectric  loading  of  the  waveguide  slots  by  the  microstrip  antenna  is 
avoided  by  cutting  away  the  dielectric  material  directly  ever  the 
waveguide  slots.  Antenna  pattern  measurements  have  shown  that  this 
technique  does  not  seriously  affect  the  performance  of  either  antenna. 
If  both  antennas  are  being  designed  from  the  start,  the  waveguide  slots 
may  be  designed  such  that  the  dielectric  loading  is  taken  into  account 
avoid' ng  the  necessity  to  remove  the  dielectric  material. 

E-plane  far -field  radiation  patterns  of  the  5  wavelength  diameter 
waveguide  antenna  are  shown  in  Figs,  10  and  11,  respectively.  Figure 
10  shows  sum  and  difference  channel  patterns  for  the  waveguide  antenna 
without  the  micros Vip  antenna.  Figure  11  shows  the  same  data  for  the 
case  where  the  microstrip  antenna  was  added.  Only  minor  discrepancies 
between  the  two  sets  of  data  are  observable.  Sum  channel  si delete 
levels  are  affected  minimally  by  the  presence  of  the  microstrip 
aperture,  and  an  excellent  difference  channel  null  depth  is  preserved. 

Figures  12  and  13  show  the  large  •,  13  wavelength  microstrip  antenna  E- 
plune,  f^r-field  radiation  patterns  for  the  profiled  and  unprofiled 
cases  respectively..  Profiling  the  raicrostrip  aperture  includes  the 
machining  of  many  slots  in  the  dielectric  material.  These  slots  re 
located  at  positions  that  would  be  directly  ate 'e  wavegr'de  ’.lots  when 
the  two  apertures  are  integrated..  Thus,  the  microstrip  groundplane  is 
interrupted  ac  many  locations  by  these  slots .  Nevertheless,  negligible 


differences  in  the  radiation  patterns  are  observed  between  the  profiled 
and  unprofiled  cases.  Unfortunately,  at  the  time  of  this  writing, 
radiation  patterns  of  the  two  13  wavelength  antennas,  when  integrated,  were 
not  available.  Previous  data  on  the  smaller  5  wavelength  antenna 
indicated  that  no  appreciable  changes  in  performance  occurred. 

Feedthn  (RF  connections  between  the  mierostrip  aperture  and  the  feed 
network)  locations  for  the  assembly  are  also  critical.  Since  the 
feedthrus  must  penetrate  thru  the  waveguide  antenna,  they  must  be 
placed  in  areas  that  do  not  affect  performance.  Ideally,  this  would  be 
in  areas  outside  the  waveguide  slot  radiating  area.  In  large  arrays, 
this  is  not  entirely  possible.  In  these  cases,  feedthrus  rau3t  be 
located  within  the  outer  limits  of  the  waveguide  array.  Feedthrus  have 
been  positioned  within  the  waveguide  walls  of  the  array  without  serious 
degradation. 

Antennas  of  this  type  can  be  made  for  new  systems  or  as  a  retrofit  to 
existing  systems.  In  retrofit  cases,  the  waveguide  arrays  must  be 
modified  to  include  the  feedthru  areas  and  any  support  bosses  at  the 
rear  of  the  antenna.  These  bosses  are  used  to  hold  the  microstrip  antenna 
feed  network  in  place.  The  mierostrip  aperture  is  affixed  to  the 
assembly  by  bonding  it  over  the  waveguide  aperture. 


CONCLUSION 


Cross  pol.  rizatlon  jamming  and  radome  induced  depolarization  of 
received  signals  can  cause  large  target  boresight  errors  for  linearly 
polarized  eeker  antennas.  A  compact,  high  performance,  dual  polarized 
mtenna  approach  has  been  developed  which  reduces  3eeker  susceptibility 
to  depolarization  effects.  The  antenna,  as  configured,  provides  a 
complete  set  of  superimposed  orthogonally  polarized  raonopulse  channels 
which  can  be  processed  to  eliminate  the  seeker  polarization 
dependence. 

Conventional  waveguide  flatplate  and  stripline/microstrip  manufacturing 
techniques  can  be  employed  during  fabrication  of  the  antenna  system 
components.  The  microstrip  aperture  can  be  designed  in  conjunction 
with  a  new  waveguide  flatplate  configuration  or  as  a  lew  height 
retrofit  to  an  existing  waveguide  antenna.  Radiation  patterns  of 
recently  developed  5  and  13  wavelength  circular  dual  polarized  antennas  have 
shown  that  the  integration  of  the  two  apertures  does  not  present  any 
significant  degradation  to  the  performance  of  either  antenna. 

In  general,  far-field  radiat..  >n  performance  of  this  dual  polarized 
antenna  structure  13  dependent  on  the  individual  application  and  design 
constraints,  but  full  aperture  performance  from  both  antennas  is 
achievable.  Typically,  the  waveguide  antenna  provides  the  primary 
polarizatic  1  and  achieves  the  best  overall  performance,  while  the 
flexibility  of  the  microatrip  antenna  configuration  is  used  to  provide 
the  secondary  polarization  and  to  allow  easy  integration  of  the  two 
apertures. 


c’bb 


References: 


1)  R,S.  Elliott,  Antenna  Theory  and  Design,  Prentice-Hall,  Englewood  Cliffs, 
N.J„  1981 ,  Chapter  8, 


2)  R.S.  Elliott  and  L.A.  Kurtz,  "The  Design  of  Small  Slot.  Arrays",  IEEE  APS, 
Vol.  AP-26,  1978,  pp.  214-219. 


3)  P.N.  Richardson  and  N.Y.  Yee,  "Design  and  Analysis  of  Slotted  Waveguide 
Antenna  Arrays",  Microwave  Journal,  June  ’988 ,  pp.  109-125. 


'1*1  ~  ....  1  ; 

IUUUJ.U  AJL  * 


iWU  f 


W 

i«  • 


M 


Le^lS.  n  Mnnnrml  sp  Dlnolp 

t  “r  . r -  -  a 


Array",  1984  Symposium  on  Antenna  Applications,  Urbana,  Illinois, 
September  19—2 1 ,  1984. 


5)  J.  Lane,  N.  Sa,  and  J.  Toth,  "Resonant  Microstrip  Dipole  Arrays",  1985 
Symposium  on  Antenna  Applications,  Urbana,  Illinois,  Sept  *mber,  1985. 

6)  United  States  Patent  4,700  ,19:3;  Ncrbert  Se,  William  F.  Micc^oli,  A.  R. 
Chinchillo,  John  F  Toth;  "Crons  Polarized  Antenna";  13  C^t.  1987* 


l-'iKure  2  Microstrip  Annum  \\  a>  .•>’MKic  Antenna  t  v  erla>  iH  Wavelength  Diameter) 


Zb  7 


BW  (Percent) 


Figure  3  Vlicrostrip  Dipole  Geometry 


P2608  _ _ _  _ _ ns 


■4.  Baii'tv.  "Ill-  o!  MK'H'.sti-p  Dipole  versus  <  over  Height  01  Dieleetne  ( 


Ground  Plane 


(a)  Microstrip  Dipole  Concept-  Non-Stacked 
Dipoles,  Cross  Sectional  View 


i 


i 

|  P2808 


Open  Circuit  ■ 


I 


H 


Dipole 


Z. 


m 


h/2 


h 


Covered  | 

Microstrip "  ' 

Feedline  j  | 

_ II 


Input 

(b)  EMC  Linear  Array-  Nonaitemating  Configuration, 
Top  V  w 


Open  Circuit" 

E 

h[~~ 

I 


I  I 

• - r 


\ 

Dipoie  — 


Covered  ^1. 
Microstr 
Feedline  ! 

- _ - L 


b 


hi  2 

hi  2 

hi  2 


hi  2 


iput 


(c)  MC  Linear  Array-  Alternating  Configuration,  Top  View 


NS  104 


f  igure  ^  Possible  Suharrav  ( 'oul'iguiai'ons 


90  00  r - - 


70.00 


50.00  j 


30.00 


10.00 


10.00 


-30.00 


-50.00 


-70.001 


Floor  =  -  30  dB 
Increment  =  2  dB 
Sum  Peak  =  0  dB 


90.00  - - - - - - - - - - - . - 

-90.00  -50.00  -10.00  30.00  70.00 

Mount  AZ  —  deg 


Figure  7.  13  Wavelength  Diameter  Antenna.  Sum  Channel  Contour  (Measured) 


70.0  i - — - 

Floor  =  -21  dB 
Increment  -  2  dB 
50.0  -  Sum  Peak  =  0  dB 

3o.o-  -.  C',  M  L-L' 


g*  io.o 

■o 


N  -10.0 
< 

*-> 

c 

o  -30  C 


^  c.  o 
P 

£  a 


-50.0 


I 

SO .0  -I - 


\  i  ■ 


90.0  70  0  -50.0  -30.0  10.0  iO  0  30  0  50.0  70.0  90.0 

Mount  EL  -  deg 


I  igute  X.  1  1  Wavelength  Diameter  Antenna,  Sum  Channel  Contour  (  I  heotetical) 


75.00 


50  00 


25.00  0  00  25  00 

MUium  EL  cleg 


50  00 


75.00 


Pi  608 

iip.r.re  11  5  I’Ijih*  f-nc  W  j\ dcn^th  I  Luplulc  W  avcguuk*  \  it  ton  na  with  Mn/rostrip  Anirnna 

•  inu  !  H'li.i  ;  I 


Norma!,, 


Mount  EL  cte;; 


P260B 


Norrr 


l  i^urc  13  M  Wawlenj’th  Okihh  u-i  Mh  iosiiiji  \niemiu  ( I’roHiedl.  Sum  ami  l-clUi  I  1  (  funnels 

t  Plain’  Patterns 


IMPROVED  BANDWIDTH  MICROS  TRIP  ANTENNA  ARRAY 
Shashi  Sanzgiri,  iM  Powers  and  Jim  Hart 
Texas  Instruments  Incorporated 
Antenna  Laboratory 
McK>n\iey,  Texas 

ABSTRACT 

A  microstrip  radiating  dement  design  for  a  10 -percent  bandwidth  and  wide  scan 
angle  phased  array  ante  nna  is  described.  The  radiating  element  consists  of  a  tingle  probe- 
fed  circular  patch  or  a  thick  substrate.  The  clement  impedance  match  performance  has 
been  characterized  both  in  a.  waveguide  simulator  and  in  a  finite  array  environment.  The 
measured  reflection  coefficient  data  as  a  function  of  frequency  and  scan  angle  have  been 
compared  with  the  analytical  data.  Also,  the  array  performance  with  a  wide  angle  imped¬ 
ance  matching  sheet  has  !  op.  evaluated  analytically  and  experimentally. 


1.  INTRODUCTION 

Recently,  printed  circuit  antenna  el. mints  have  found  widespread  use  in  phased 
array  applications.  The  main  reasons  have  been  low  cost,  low  profile,  confcnnality,  light 
weight,  and  integrabiiity  with  monolith/:  microwave  circuit  The  system  applications 
using  printed  circuit  arrays  have  so  far  been  those  requiring  n,  row  instantaneous  band¬ 
width  (4  to  5  percent)  for  two-dimensional  wide-angle  electronic  scan  or  those  with  wider 
bandwidth  (5  to  10  percent)  but  limited  to  either  one-dimensionai  scan  with  wide  field  of 
view  or  two-dimensional  scan  with  narrow  field  of  view 

'  his  paper  addresses  the  design  procedure  for  a  microstrip  array  antctna  intended 
for  airborne  radar  application.  This  application  required  an  instantaneous  bandwidth  of 
almost  10  percent  cente:  •<:<  at  fi.5  (THz  and  60  degrees  conical  scan  sector.  The  design 
procedure  for  such  an  artsy  involved  proper  selection  of  the  parameters  tor  the  substrate 
and  for  the  internal  and  externa!  matching  circuits.  The  array  consisted  of  coaxial  probe- 
fed  circular  patch  antennas  with  dielectric  cover.  Both  analviical  and  experimental  proce¬ 
dures  were  used  to  arrive  at  the  broadband,  wide-angle  impedance  matching  techniques 
used  for  this  arra-. 
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This  paper  is  organized  into  sections  that  chronologically  describe  the  procedures 
used  for  investigating  the  frequency  and  scan  angle  performance  of  the  array.  The  proce¬ 
dures  used  are: 

•  Investigation  of  blind  spots 

•  Broadbanding  of  isolated  element 

•  Waveguide  simulator  tests 

•  Finite  array  tests 

•  Wide  angle  impedance  matching  tests. 

2.  INVESTIGATION  OF  BLIND  SPOTS 

It  is  well  known  that  the  bandwidth  of  the  microstrip  elements  can  be  improved 
using  thick  substrates.1  Thick  substrates  also  support  surface  and  leaky  waves,  leading  to 
high  VSWR  conditions  at  certain  scan  angles.  Previous  studies2  have  indicated  that  for 
0.062-inch-thick  substrates  with  relative  dielectric  constant  of  2.5,  the  blind  spot  scan 
angle  lies  beyond  60  degrees  in  the  E  plane.  An  investigation  was  performed  for  our 
particular  array  geometry  using  an  equilateral  triangular  grid  with  0.6 1 1  inch  side  length, 
0.062  inch  thick  substrate,  and  2.2  dielectric  constant.  Analysis  using  moment  method 
for  the  calculation  of  unknown  current  distributions  was  performed,  using  a  procedure 
similar  to  that  given  by  Pozer.3  In  this  analysis,  the  probe  is  modeled  as  a  filamentary 
line.  For  simplicity,  the  analysis  was  restricted  to  rectangular  patches. 

Figure  1(A)  shows  the  reflection  coefficient  versus  scan  angle  in  the  E,  H,  and 
diagonal  planes  at  center  frequency.  In  the  analysis,  the  array  is  assumed  matched  at 
broadside.  Figure  1(B)  shows  the  frequency  dependence  of  the  reflection  coefficient  at 
60-degree  scan  angle  in  the  E  plane.  The  results  in  Figure  1  show  that  no  blind  spot 
occurs  in  the  60-degree  scan  sector  over  the  desired  10-percent  bandwidth.  The  results  in 
Figure  1(B)  also  show  the  need  for  impedance  matching  at  wide  scan  angles. 

3.  BROADBANDING  OF  ISOLATED  ELEMENT  PERFORMANCE 

The  broadbanding  of  the  element  performance  was  accomplished  using:  electrically 
thick  substrate  and  incorporation  of  matching  network  behind  the  element.  The  substrate 
thickness  was  0.062  inch  (0.05  X  at  center  frequency).  The  matching  circuit  consisted  of 
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Figure  1.  Infinite  Army  Analysis  Results 
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an  open  circuit  stub  placed  in  the  feed  line  below  the  ground  plane.  Figure  2(A)  shows  the 
radiating  element  construction  with  the  matching  circuit.  Both  the  matching  circuit 
parameters  (placement  and  length  of  the  stub)  and  the  coaxial  probe  feed  location  on  the 
patch  were  optimized  to  yield  a  double-tuned  response.  The  matching  circuit  design 
procedure  is  similar  to  that  of  an  equi-ripple  bandpass  filter  design.4  Figure  2(B)  shows  a 
comparison  of  the  three  microstrip  element  designs:  microstrip  element  on  a  thin  sub¬ 
strate  (0.031  inch  thick),  microstrip  element  on  a  thick  substrate  (0.062  inch  thick),  and 
microstrip  element  on  a  thick  substrate  with  the  broadband  matching  circuit.  These 
results  show  that  with  a  thicker  substrate  and  proper  matching,  a  2:1  VSWR  can  be 
obtained  over  a  bandwidth  of  16  percent.  Given  below  are  the  dimensions  of  the  patch 
element  and  the  matching  circuit  that  gave  the  optimum  bandwidth: 


Circular  patch  diameter 

0.44  inch 

Dielectric  constant  of  the  substrate 

2.2 

Substrate  thickness 

0.062  inch 

Distance  of  the  probe  from  the  center 

0.065  inch 

Probe  diameter 

0.025  inch 

Distance  of  the  stub  from  the  feed 

0.381  inch 

Length  of  the  stub 

0.1 15  inch 

Figure  3  compares  the  isolated  element  gains  as  a  function  of  frequency  for  the 
unmatched  and  matched  cases.  This  figure  also  shows  the  cross-polarization  levels  at 
broadside. 

4.  ELEMENT  CHARACTERIZATION  AND  MATCHING  IN  THE 
WAVEGUIDE  SIMULATOR 

It  is  well  known  that  the  element’s  impedance  match  changes  when  the  element  is 
immersed  in  the  array  environment.  To  characterize  the  element  impedance  in  an  infinite 
array  environment,  a  waveguide  simulator  was  fabricated.  The  dimensions  of  the  simu¬ 
lator  were  such  that  it  simulated  a  scan  angle  of  30  degrees  in  the  H  plane.  Figure  4  shows 
the  geometry  of  the  subarray  or  unit  cell  used  for  characterizing  the  element  performance 
in  the  waveguide  simulator.  Figure  5  shows  the  measured  VSWR  (looking-in  measure¬ 
ments)  as  function  of  frequency.  The  matching  circuit  was  the  same  as  used  for  the 
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Figure  2.  Isolated  Element  Construction  and  Its  Performance 
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Figure  3.  Swept  Frequency  Gain  Measurements  on  Isolated  Subarray 
Used  for  the  Waveguide  Simulator 
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Figure  4.  Subarray  Used  for  the  Waveguide  Simulator 
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Figure  5.  VSWR  Versus  Frequency  Measured  at  the  Waveguide 


isolated  dement  The  results  showed  that  the  matching  circuit  provided  a  1 6*percent  (2: 1 
V5WR)  bandwidth  performance  in  the  vicinity  of  30  degrees  in  the  H  plane. 


5.  ELEMENT  CHARACTERIZATION  IN  THE  FINITE 
ARRAY  ENVIRONMENT 

The  final  array  performance  can  best  be  estimated  from  the  element  performance  in 
a  finite  array  environment  The  reflection  coefficient  performance  as  a  function  of  scan 
angle  and  frequency  can  be  estimated  from  the  measured  mutual  coupling  data.  The 
central  element  patterns  also  provide  an  estimate  of  the  scan  angle  performance  of  the 
array. 

Figure  6  shows  a  108-element  array  fabricated  to  evaluate  element  performance.  As 
shown,  each  patch  is  fed  by  a  single  coaxial  probe.  The  stripline  matching  circuit  is 
associated  with  each  element.  The  elements  are  spaced  on  an  equilateral  triangular  grid 
with  a  side  length  of  0.61 1  inch.  The  array  was  fabricated  so  that  the  matching  circuit 
could  be  removed  easily  from  the  radiating  element  if  it  needed  to  be  modified.  The 
element  and  matching  circuit  dimensions  were  those  given  in  Section  2. 
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Mutual  coupling  measurements  were  made  between  the  central  element  and  all 
other  elements  in  the  array.  From  this  mutual  coupling  data,  the  reflection  coefficient  as  a 
function  of  scan  'angle  and  frequency  was  calculated,  using  the  following  expression: 

N 

where  is  the  mutual  coupling  coefficient  between  the  central  element  and  the  nth 
element,  and  (6,4>)  is  the  scan  angle. 

Figures  7(A)  and  (B)  show  the  VSWR  as  a  function  of  scan  angle  in  the  E  and  H 
planes  respectively  and  for  9.0, 9.5,  and  10.0  GHz.  As  seen  from  these  results,  the  VSWR 
performance  both  in  the  E  and  H  planes  exceeds  3: 1 .  The  scan  angle  performance  in  the  E 
plane  at  wide  scan  angles  was  particularly  poor,  with  VSWR  exceeding  4:1  at  60  degrees. 

The  experimentally  obtained  VSWR  performance  was  compared  with  that  obtained 
analytically  for  the  finite  element  array.  A  computer  program  developed  by  Deshpande 
and  based  on  the  formulation  described  in  Reference  5  was  used  for  this  analysis.  The 
program  is  written  for  a  coaxially  fed  circular  patch  antenna  array.  The  center  grounding 
pin  and  the  finite  diameter  of  the  probe  are  not  explicitly  taken  into  account  in  the 
analysis.  The  probe  effect  on  the  input  impedance  is,  however,  taken  into  account  by 
including  a  series  inductive  reactance  equal  to  that  of  a  wire  whose  diameter  and  length 
are  the  same  as  that  of  the  probe. 

The  above  mutual  coupling  analysis  program  was  used  to  compute  the  reflection 
coefficient  as  a  function  of  scan  angle  and  frequency.  The  reflection  coefficient  calculated 
at  the  terminal  of  the  feed  point  was  then  transformed  through  the  matching  circuit  to  a 
reference  plane  at  the  same  location  as  used  in  the  actual  array. 

Figure  8  shows  the  computed  VSWR  as  a  function  of  scan  angle  in  the  E  plane  at 
9.0,  9.5,  and  10.0  GHz.  The  VSWR  performance  from  the  analytical  model  shows  trends 
similar  to  that  obtained  experimentally.  The  differences  in  the  actual  VSWR  values  may 
have  been  caused  by  the  fact  that,  in  the  actual  measurements,  mutual  coupling  was 
measured  through  the  matching  circuits  while  in  the  analytical  model  mutual  coupling 
was  computed  for  unmatched  radiating  elements.  The  analytical  model  not  explicitly- 
taking  into  account  the  grounding  pin  and  the  coaxial  probe  might  also  have  contributed  to 
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Figure  7.  Computed  VSWR  Versus  Sean  Angle  From 
the  Measured  Mutual  Coupling  Data 
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Figure  8.  VSWR  Venus  Scan  Angle  in  the  E  Plane 
From  the  Computed  Mutual  Coupling  Data 

the  differences.  Even  with  the  differences,  the  similarity  in  the  trends  was  sufficient  to 
validate  the  test  results. 

6.  FINITE  ARRAY  TESTS  WITH  DIELECTRIC  COVER 

For  waveguide  element  arrays,  mutual  coupling  analysis  tools  that  include  multiple 
layers  of  dielectric  sheets  for  wide-angle  impedance  matching  are  well  developed  and  are 
routinely  used.  For  microstrip  arrays,  such  analytical  models  are  still  being  developed. 
The  analysis  developed  by  Deshpande5  does  include  a  dielectric  cover  on  top  of  the 
array.  The  analysis  is,  however,  restricted  to  the  use  of  the  same  dielectric  constant  for 
the  cover  as  for  the  substrate.  This  analytical  procedure  was  used  to  determine  the  thick¬ 
ness  of  the  dielectric  cover  that  gave  the  best  overall  VSWR  for  wide  scan  angles  in  the  E 
plane.  The  optimization  process  yielded  a  thickness  of  0.01  inch  for  the  dielectric  cover. 

Figure  9  shows  the  computed  VSWR  as  a  function  of  scan  angle  in  the  E  plane  at 
three  frequencies.  The  results  show  an  overall  improvement  in  the  VSWR  performance 
in  the  E  plane.  A  similar  improvement  was  also  seen  in  the  H  plane. 
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Figure  9.  V&WR  Versus  Scan  Angle  iu  the  E  Plane  From  the  Computed 

Mutual  Coupling  Data  and  With  0.01 ‘Inch-Thick  Dielectric  Slab  (t'r  ***  2.2) 

A  10-mil-thick  dielectric  sheet  with  a  relative  dielectric  constant  of  2.2  was  bonded 
to  the  array  shown  in  the  Figure  6.  Mutual  coupling  measurements  between  the  center 
and  all  other  elements  were  repeated.  From  this  mutual  coupling  data,  the  VSWR  as  a 
function  of  scan  angle  was  computed  in  different  planes.  The  radiating  elements  had  the 
same  matching  circuit  described  in  the  previous  sections.  Figure  10  shows  the  results  for 
the  E  and  H  planes.  Comparison  of  these  results  with  those  in  Figure  7  shows  a  definite 
improvement  in  the  impedance  matching.  Also,  the  results  in  Figures  9  and  10  show  a 
good  correlation  between  the  analytical  and  measured  results. 

Figure  1 1  compares  the  E-  and  H -plane  patterns,  with  and  without  the  dielectric 
cover.  The  broadening  of  the  element  pattern  as  a  result  of  the  dielectric  cover  is  seen  in 
both  planes,  a  further  validation  of  improved  wide  scan  angle  performance. 

7.  SUMMARY 

Both  experimental  and  analytical  results  are  given  to  show  that  the  bandwidth 
performance  of  array  element  for  wide  scan  angles  can  be  improved  using  both  internal 
and  external  impedance  matching  schemes.  The  internal  matching  consisted  of  a  simple 
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Figure  10.  Measured  Scan  Angle  Performance  With 
Matching  Sheet  (0.01  Inch  Thick,  Cr  =  2.2) 
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AMPLITUDE  A  AMPLITUDE  A 


(A)  H  PLANE  PATTERNS 


(B)  E  PLANE  PATTERNS 
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Figure  11.  Comparison  of  Center  Element  Patterns  With  and  Without 
Matching  Sheet  at  Midband 
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single  stub  matching  and  appropriate  location  of  the  probe  feed.  The  external  impedance 
matching  consisted  of  a  dielectric  layer  of  appropriate  thickness.  The  external  matching 
was  restricted  to  the  single  dielectric  layer  with  the  same  dielectric  constant  as  that  of  the 
microstrip  element  substrate.  With  this  dielectric  cover,  the  VSWR  of  less  than  3:1  was 
achieved  over  a  10-percent  bandwidth  and  60  degrees  conical  scan  sector.  The  analytical 
model  can  be  extended  to  include  multiple  dielectric  layers  in  the  future  to  further  opti¬ 
mize  the  impedance  match  performance  at  wide  scan  angles. 
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